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Preface

The preface to this Special Issue includes a summary of each of the 12 articles contained

within the Special Issue that puts each contribution into a logical framework and acknowledges

each author’s gracious contribution. The over-arching goal of the Special Issue is to illustrate

how studies of Localized Aggressive Periodontitis (LAgP) and its association with Aggregatibacter

actinomycetemcomitans have moved the field forward and contributed to progress in infectious disease

research in general.

The aim of this Special Issue is to present microbial factors related to the dysbiosis, damage,

and “disease” associated with A. actinomycetemcomitans, a microbe resulting in a unique form of

inflammatory periodontal disease that occurs predominantly in children and adolescents of African

descent. A World Workshop Consensus Conference (WWCC) held in 2017 eliminated “Localized

Aggressive Periodontitis” (LAgP) as a distinct disease and lumped it into a category called Stage

III/Grade C Periodontitis. This new classification ignores the age-related occurrence and familial

distribution that characterizes LAgP. The WWCC decision made by a mere majority of participants

provided the motivation to delve into (1) the way in which consensus conferences are typically

conducted, (2) how this conference deviated from consensus conference standards, and (3) the impact

the WWCC decisions have had and will continue to have on research and scholarship as a result of

the deviations from standards used by other branches of the health sciences.

After reviewing broadly accepted criteria developed for other comparable consensus

conferences, it became clear that the WWCC decision was ill-advised. Publications 6 years prior

to the WWCC new classification were compared to publications from the 6 years following the

conference decision. Web-based searches in pertinent databases using mesh terms LAgP, Aggressive

Periodontitis, Periodontitis, and Stage III/Grade C Periodontitis were conducted. A significant

decrease in publications for “Aggressive Periodontitis” and LAgP were seen in the 6 years following

the WWCC re-classification whereas a considerable increase in publications with the more general

term “Periodontitis” were seen over this same time span (Fine et al., 2024). Few publications explored

the well-defined disease previously called LAgP. Thus the WWC conference failed (1) to discuss

the standards of agreement required for consensus prior to the conference, and (2) to present the

“dissenting point of view” in the published document. This Special Issue of Pathogens was designed

to encourage our community to maintain a classification for this unique disease. The significant

association of A. actinomycetemcomitans and its relationship to the initiation and progression of

LAgP are emphasized in this Special Issue. Furthermore, two overlapping audiences of the health

profession are addressed: (1) those involved in academic and scholarly pursuits, tasked with

organizing consensus conferences, and (2) those involved in providing clinical care to patients who

wish to equip themselves with a comprehensive understanding as to how summary decisions can

guide current and future ways of dealing with the diagnosis, prevention, and treatment of a disease.

Contribution 1 is an overall editorial (Fine, 2024), while contributions 2–4 are more clinical in

nature and point to the importance of recognition of the distinction between the newly named Stage

III, Grade C periodontitis that melds several forms of periodontal diseases as opposed to separating

LAgP and other forms of more slowly progressive periodontal disease that occur in adults (Fine et

al., 2024, Miguel and Shaddox, 2024, Ryder et. al., 2024). Each of these contributions describe how

this unique form of disease in children and adolescents should be viewed.
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In Contribution 2 (Fine et al., 2024), the focus is on the pressing need to re-instate the classification

of this unique disease as a distinct entity since its recent elimination in a World Workshop Consensus

Conference (WWCC). This paper challenges the WWCC decision to remove Localized Aggressive

Periodontitis (LAgP) as a disease classification in spite of its unique clinical and microbiological

features that separate it from adult forms of periodontitis. The paper describes how the new Staging

and Grading system advocated by the WWCC minimizes the importance of specific diagnostic

assessments of disease and lumps all forms of periodontitis into Stages and Grades. This paper

attributes the failure to make distinctions between LAgP and other forms of periodontal disease is due

to the use of inaccurate/overlapping case definitions used in the recent WWCC doctrine. The paper

proposes that the new definition of disease has already, and will continue to, have a dramatic impact

on research and scholarly activity as well as treatment choices. The paper proposes a need to re-think

this WWCC shift in classification based on considerations such as (1) the age of onset, (2) the rapidity

of tissue destruction, (3) the localized nature of the disease, and (4) the familial patterns of inheritance

which are unique to this disease (formerly called LAgP). It appears as if these distinctive factors have

been overlooked by the WWCC. The paper then assesses the influence of this new classification on

progress in this field of research by considering articles published using PubMed, Scopus, and The

World Wide Web that examine publications 6 years prior to the WWCC re-classification as compared

to publications 6 years following this change. In addition to these considerations, the strength

of the association of A. actinomycetemcomitans in conjunction with a unique microbial consortium

that includes Filifactor alocis and other oral micro-organsisms is also presented as a rationale for

re-instating LAgP as a distinct disease entity. Features of A. actinomycetemcomitans are evaluated using

the Bradford Hill criteria, that document how this oral microbe can adapt to various environments,

influence its biofilm neighbors, and move through the blood and lymphatics that attest to its relevance

in oral and non-oral diseases. With this line of reasoning presented, the paper suggests that the

use of inaccurate/overlapping case definitions should be abandoned and more accurate definitions

re-instated. In addition, the paper proposes that clinicians weigh treatment success as the time

from treatment to relapse of infection to more accurately gauge (1) reversal or continuance of local

disease and (2) reduction in the possibility for spread of these highly adaptable microbes to sites

distant from the oral cavity. As such, the paper proposes that existing measurements of overall

reduction in periodontal tissue destruction include “extended-time to return of disease”, or relapse

as a worthy treatment goal *. At this moment, since several longitudinal studies have identified

a distinctive microbial consortium that includes A. actinomycetemcomitans that precede this disease,

these characteristics could be tested, along with potential biomarkers, as potential diagnostic tools in

efforts to distinguish this unique disease from generalized adult periodontitis. * (Note that on page

24 (Fine et al., 2024) case B describes a 20 mm reduction which should be a .20 mm reduction).

Contribution 3 provides support for the uniqueness of the disease now classified as Stage III

Grade C periodontitis (Miguel and Shaddox, 2024). A review of several studies illustrate that the

Localized Grade C disease may not be restricted to the permanent dentition. In fact, the diagnosis

of this aggressive, rapidly progressing form of periodontitis may be detected early in primary and

mixed dentitions in patients with permanent Grade C/Molar/Incisor Periodontitis (C-MIP disease).

The paper also presents data showing that periodontal treatment in the primary dentition can lead

to a favorable clinical response that can lead to a healthy permanent dentition. Moreover, the

paper provides data showing that early A. actinomycetemcomitans colonization plays an important

role in C-MIP development (RR = 7.3), increasing the risk of bone loss either with JP2 (OR = 14.3)

or non-JP2 genotypes (OR = 3.4) of the species. In these instances, A. actinomycetemcomitans’ high

prevalence is observed in both primary and permanent dentitions (85% and 71%, respectively).
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Along with A. actinomycetemcomitans, F. alocis and P. gingivalis, T. denticola, and T. forsythia seem to

also play a significant role in this disease. Furthermore, the paper points out that the subgingival

biofilm in periodontally healthy children retained these periodontopathogens even after biofilm

maintenance was performed in the adult parents, suggesting a possible contribution of microbial

risk derived early-on from family members. It can also be surmised that familial aggregation

of this disease implies a genetic predisposition, which is also suggested by a hyperinflammatory

response to bacterial LPS in healthy siblings. Biomarkers for bone loss, cytokines, and chemokines

associated with disease may also be found in clinically healthy siblings of affected parents. Since

periodontitis is typically seen in adults and rarely seen in children and adolescents, this important

paper highlights the critical relevance of early diagnosis especially in this aggressive form of disease.

In many diseases, age is considered to be an important characteristic of disease susceptibility.

This paper uniquely illustrates how early age is an important feature of this form of aggressive

periodontitis and describes genetic, biologic, and microbiological evidence of disease in children and

adolescents. Furthermore, as is the case with juvenile diabetes, an age-associated disease, diagnosis

and therapy can be improved if age is factored into the diagnostic criteria in Grade C/MIP. In

summary, this paper provides strong support for the need to restore a definitive classification so that

early diagnosis and appropriate therapies can be used to better define cases for continuing research

and successful treatment.

Contribution 4 describes the geography of the oral microbiome on a global (macro) level and

local (micro) level, and in so doing, the authors address A. actinomycetemcomitans and its ethnic, racial,

and familial distribution in Localized Aggressive Periodontitis, a rapidly progressive disease, as well

as its intraoral distribution at first molar and incisor sites (Ryder et al., 2024). They also discuss other

pathobionts and their positioning in the plaque biofilm and how this positioning can affect disease.

In this review, the authors remind readers that this pathobiont and its more pathogenic clone, the

JP2 clone, a “b” serotype that expresses excessive levels of leukotoxin, originated in Mediterranean

Africa and moved from Western Africa to the Americas due in part to the patterns of the slave

trade. Furthermore, this paper reports on studies showing that the microbe can be transferred from

mother to child, contributing to data suggesting that the disease occurs in young children. An

interesting description of plaque biofilm formation on a local geographical level is also described in

this paper that presents both a philosophical and biological characterization of disease. Moreover, the

paper describes local geography in plaque and points to the importance of considering geographical

proximity, chemical communication among microbes, as well as biological interactions for both the

benefit and detriment of biofilm members.

Contributions 5 and 6 focus on A. actinomycetemcomitans and point to the importance of growth

phase, media, and strain variation in the assessment of in vitro virulence traits and their impact

on disease.

In Contribution 5, the authors present information about how A. actinomycetemcomitans strain

D7S-1 (wild-type rough colony) and D7SS (isogenic smooth variant of D7S-1) react to nutrient

deficiencies (Tjokro et al., 2024). The assumption in this study is that laboratory conditions that

study strains in enriched media mis-represent “natural/challenging” growth conditions that occur

in vivo. To this end, the authors tested the growth of a clinical strain, D7S-1, and an isogenic

laboratory strain, D7SS, in nutrient-deficient (ND) and nutrient-limited (NL) media as compared to

a nutrient-enriched (NE) laboratory medium and then studied the effects of these growth conditions

on the viability of these strains. Viability is evaluated by culturing, and cell morphology as assessed

by both Transmission and Scanning Electron Microscopy. As expected, bacteria in NE exhibit typical

growth phases, ending in the death phase. In contrast, A. actinomycetemcomitans strains grown in
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NL and ND media, following the stationary phase, display a dormancy-like phenotype with minimal

growth but prolonged viability up to 15 days. These studies open the door to examining genes related

to this dormancy phenotype, which may be similar to the phenotype of A. actinomycetemcomitans

in vivo.

In Contribution 6, Kalfas and colleagues (2024) examine leukotoxin (LtxA) production by

different strains of A. actinomycetemcomitans under different growth conditions, finding that LtxA that

attacks leukocytes, causing the release of Il-1, while LtxA’s reaction with macrophages can provoke

the release of the NLRP3 inflammasome resulting in LtxA-induced death. The focus of this study is

on various strains (Y-4, b serotype non-JP2; SUNYab&75, serotype a; NCTC 9710, serotype c; and HK

1519, serotype b/JP2), growth conditions (PYG vs. BM broth), and growth phases (late logarithmic

and stationary phase) leading to LtxA production. Both cells with LtxA attached and cell-free LtxA

were examined. The JP2 strain showed the greatest level of LtxA production, which was not affected

by growth phase in the cell free state but did show greater levels of LtxA in stationary phase in both

PYG and BM media. The Y4 strain showed slightly higher levels of LtxA in BM in the stationary phase

but was always lower than the HK1519 strain. In LtxA that was cell attached the levels of LtxA in HK

1519 growth was higher in the stationary phase, while Y 4 showed lower growth when compared to

the JP2 strain. PMN lysis was assessed via release of lactate dehydrogenase. The cagE gene has the

potential for elevated LtxA, and perhaps since Y4 lacks the cagE gene and HK1519 has this gene, the

authors postulate that it is possible that this gene deletion accounts for the difference in LtxA levels

seen between these two strains. However, more evidence is needed.

Contributions 7 and 8 are related to A. actinomycetemcomitans and its association with systemic

diseases. Contribution 6 describes emaA, an autotransporter protein that adheres to injured heart

valves and can act as a contributor to infectious endocarditis, while Contribution 7 describes a study

of A. actinomycetemcomitans and its association with Rheumatoid Arthritis.

In Contribution 7, Mintz et al. (2024) investigate the role of a proteinaceous surface

structure of A. actinomycetemcomitans in infective endocarditis. The relationship between oral

bacteria and infective endocarditis, a disease of the endocardial surface of the heart, is well

established. Binding of bacteria to underlying matrix proteins or platelets activate circulating platelets

which leads to fibrin deposition. The subsequent formation of an infective mass or vegetation,

composed of bacteria and coagulation byproducts, disrupts blood flow through the heart. Infective

endocarditis is typically associated with Gram-positive organisms. However, a minority of cases

are associated with Gram-negative bacteria. A. actinomycetemcomitans, a Gram-negative bacterium,

has been implicated in the causation of this disease. This association occurs despite the low

prevalence of A. actinomycetemcomitans in the adult population, implying a more frequent level of

A. actinomycetemcomitans than expected in adult patients diagnosed with infective endocarditis. A

gene, extracellular matrix protein adhesin A (emaA) encoding a 200,000 MW protein was identified

by a loss of function transposon mutagenesis screen. This gene product mediates the binding of A.

actinomycetemcomitans to specific types of collagen, an abundant protein found in the extracellular

matrix of most tissues. Furthermore, EmaA binds to native collagen and induces disease in a

well-established rabbit endocarditis model. The individual protein monomers are synthesized and

targeted to the membrane by an extraordinarily long signal sequence and are transported across the

inner membrane. The carboxyl termini of three protein monomers form a pore in the outer membrane

through which the passenger domains are transported for presentation on the outer surface of the

bacterium. Based on sequence and structural homology, EmaA is assigned to the class of type

V secreted proteins, which form non-fimbrial oligomeric, coil–coil adhesins, and includes YadA of

Yersiniae species as a prototypic member. In this chapter, the authors (Mintz et al., 2024) summarize
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a series of elegant studies investigating the known biochemical, molecular, and structural aspects of

this protein including collagen binding and biofilm formation, and how this adhesin contributes to

the pathogenicity of this organism.

Contribution 8 was designed to determine whether the presence of antibody to A.

actinomycetemcomitans in saliva or serum could be associated with an increased prevalence of

Rheumatoid Arthritis (Svard et al., 2024) This study provides another way of considering evidence

of the association of A. actinomycetemcomitans with Rheumatoid Arthritis (RA) as presented by Konig

et al., (2016) and where data suggest that A. actinomycetemcomitans, in particular, was distinct from

other periodontal pathogens in triggering the dysregulation of citrullinating enzymes in neutrophils

resembling autoantibody activity in joint fluid obtained from RA patients. That paper (Konig et al.,

2016) showed that A. actinomycetemcomitans species induced hypercitrullination in host neutrophils

that mimics autoantigen citrullination in the RA joint and that antibodies to LtxA are enhanced in RA

patients as compared to healthy controls (ref). It was difficult to discern in that paper whether the

decision to examine patients with A. actinomycetemcomitans was somewhat biased in that the authors

claimed that A. actinomycetemcomitans or products derived from it were tied to RA as opposed to

reactions from other oral bacteria. Results derived from gingival crevice fluid from patients with

disease had reactions derived from LtxA from A. actinomycetemcomitans, and in particular, these fluids

induced hypercitrullination similar to that seen in RA joints. Furthermore, it should be pointed

out that the patients studied by these authors were older than those typically seen to carry A.

actinomycetemcomitans, and although they showed levels of reactions to LtxA and serum antibody

to LtxA, their in vitro studies were related to PMN degradation and netosis by LtxA. A second paper

(Gomez-Banuelos et al., 2020) did not show an association with IgG antibody to LtxA and RA in

any stage of RA disease; therefore, the authors suggested a time of transition from asymptomatic

to RA disease status. They showed the existence of some relationship of IgM to LtxA, suggested

as pre-symptomatic for RA. Svard and co-authors (2024) approached this question in a different

manner by examining a group of RA patients regardless of their A. actinomycetemcomitans status and

determined what percent of RA patients had serum or saliva antibody to A. actinomycetemcomitans

among these subjects. The authors very clearly pointed to the limitations of their study, since the

RA patients assessed showed a very low level of A. actinomycetemcomitans in both saliva and serum

as compared to healthy controls. So, unlike the Konig et al. paper (2016), in the Svard et al. paper,

subjects with LtxA producing A. actinomycetemcomitans were minimal, not dominant, and not related

to the disease (RA). For the purposes of this Special Issue, however, the Svard et al., (2024) paper

provides a good reference to the fact that A. actinomycetemcomitans, as has been reported previously,

occurs in low levels in otherwise periodontally healthy patients or patients who are not defined as

LAgP subjects. This data contrasts to the array of data that show that A. actinomycetemcomitans is

uniformly present as a necessary member of the consortia found in patients who are younger and

diagnosed with LAgP.

Contributions 9 and 10 focus on two prominently important virulence factors, cytolethal

distending toxin and complement resistance factors possessed by A. actinomycetemcomitans that have

an effect on the early stages of periodontal disease. These factors affect the epithelial cell lifestyle,

which can result in microbial invasion, as well as ApiA, a trimeric autotransporter protein related to

autoaggregation, epithelial cell binding, and complement resistance.

In Contribution 9, it is proposed that A. actinomycetemcomitans cytolethal distending toxin

(Cdt) acts as a perilous accessory pathogenic trait that can be responsible for translocation of A.

actinomycetemcomitans from the gingival space through the gingival epithelium into the underlying

connective tissue (Shenker et al., 2024). This penetration enables substances to progress further
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via blood vessels and lymphatics to distant organs. The authors describe how Cdt an A.

actinomycetemcomitans exotoxin, composed of three proteins subunits, Cdt A, B and C, can cause

epithelial senescence and also affects lymphocytes, macrophages, and mast cells. Three unique

properties are described for Cdt, as follows: (1) exploitation of cholesterol as a pervasive cell receptor;

(2) engagement with the host cell protein, cellugyrin, via a combination of Cdt B and C that affects

cell entry and trafficking; and (3) blockade of the PI-3K signaling pathway. Cdt-induced gingival

epithelial senescence involves the acquisition of a new phenotype characterized by sustained cell

cycle (G2/M) arrest and accumulation of senescence-associated beta galactosidase (SA-beta-gal),

lipofuscin, and cytokines, the latter collectively known as the senescence-associated secretory

phenotype (SASP). The authors propose that Cdt-induced gingival epithelia senescence leads to

altered epithelial barrier integrity and, in turn, alterations in the subgingival microflora.

In Contribution 10, a paper is presented that studies ApiA, a multi-functional trimeric

autotransporter protein that is produced by A. actinomycetemcomitans (Jacob et al., 2024). While ApiA

in A. actinomycetemcomitans was first described in the early 2000s, little new information has emerged

that specifically defines its importance in complement resistance. In this paper, Jacob and colleagues

(2024) have chosen to focus their attention on surface-related ApiA complement functionality, which

includes autoaggregation and epithelial cell binding. Gene regions within apiA that correspond to

autoaggregation, epithelial cell binding, and complement resistance are described in an Escherichia

coli host. The paper focuses on the relationship of ApiA to the alternative pathway of complement

resistance which was first described 20 years ago by Asakawa et al. ( 2003) but the specific region

of this gene responsible for serum resistance was not well defined and has been elusive. This study

was designed to define the gene regions related to epithelial cell attachment and autoaggregation,

with a special emphasis on the alternative complement pathway and Factor H binding. Factor H

originated as a host protein that protects human cells from complement induced cell pore formation

and death. Over the years, bacterial cells have evolved a mechanism of hijacking Factor H to

protect themselves from complement sensitivity. This paper has identified a 12 mer derived from

ApiA that binds Factor H and thus resists both complement sensitivity and cell death. When

examined in A. actinomycetemcomitans, apiA expression is tied to the regulation of several prominent

A. actinomycetemcomitans adaptability genes that include oxyR, katA, ompA1, and ompA2. This work

opens the door to a better understanding of the role of complement resistance in the early stages of

periodontal inflammation.

Contributions 11 and 12 illustrate how understanding of microbial factors can lead to

transformative therapeutic approaches far removed from typical dental diseases. These approaches

include inventions derived from exploration of A. actinomycetemcomitans virulence factors that have

been applied to staphylococcal infections and cancer-related lymphomas.

In Contribution 11, the focus is on dispersin B, a broad-spectrum anti-biofilm glycoside

hydrolase derived from A. actinomycetemcomitans (Kaplan et al., 2024). Biofilms form from densely

packed microbial communities that attach to surfaces and shield the inner core of microbes from

otherwise hazardous biocide interactions. Dispersin B, a biofilm-degrading enzyme, disassembles

the biofilm polysaccharide poly-β(1–6)-N-acetylglucosamine (PNAG), thereby freeing cells in the

inner core of the biofilm and permitting these cells to migrate to vulnerable sites distant from the

original biofilm. This paper proposes that dispersin B is therefore more useful in preventing biofilm

development as opposed to the treatment of existing biofilms. For commercialization, a dispersin B

has been formulated in a gel to be placed on the skin and has been studied in a pig wound-healing

model. Clinical trials for chronic wounds and acne vulgaris are expected to begin in 2025. Dispersin

B could be used as a topical agent for treatment of surgical wound sites, burns, diabetic foot ulcers,
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as well as eye infections.

In contribution 12 Kachlany and Vega present a paper that describes the therapeutic applications

of leukotoxin derived from A. actinomycetemcomitans. This toxin will kill white blood cells (WBCs) and

subvert the host immune system. The toxin, leukotoxin A (LtxA) interacts with lymphocyte function

associated antigen -1 (LFA-1), a beta-2 integrin that is formed as a dimer from CD11a and CD18 and is

expressed exclusively on the surface of WBCs and is the receptor of LtxA. The LtxA protein activates

numerous cell death pathways making it an exceptional therapeutic candidate for hematologic and

autoimmune/inflammatory diseases. LFA-1 has 3 unique configurations, low, intermediate and high

affinity binding. This variety of affinity is a major reason that LtxA can be used therapeutically. In the

low affinity state, the normal state, CD11a and CD18 are hidden and unavailable and thus not affected

by LtxA. In the high affinity state, the diseased state, CD11a and CD18 are fully accessible and thus

can make contact between LFA-1 and LtxA results in rapid death of WBCs, critical cells for immune

protection. Neutrophils and monocytes show the highest level of LFA-1 followed by T-cells and

B-cells. The paper describes how LtxA, with the proposed commercial name of Leukothera has been

been used for treatments as diverse as leukemia, Lymphoma, psoriasis, allergic asthma, inflammatory

bowel disease and Chron’s disease.

Papers by Kaplan et al., (2024) and Kachlany and Vega (2024) illustrate how in-depth study of

bacterial-induced diseases such as Localized Aggressive Periodontitis can show broad application

to other infections and conditions supporting the premise that “to name a disease and to study it”

can lead to a deep understanding of strategies by which bacteria participate in the ecological forces

that promote disease. This in turn can provide a deeper understanding of disease, its treatment,

and prevention. Discoveries such as these have not only helped explain biofilm formation by A.

actinomycetemcomitans, its lifestyle, and its association with periodontitis but may ultimately have a

major impact on diagnosis and therapeutic interventions that can go far beyond initial expectations

and thus affect other seemingly unrelated diseases and conditions.

Daniel H. Fine

Guest Editor
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Editorial

New Classification of Periodontal Diseases, the Obstacles
Created and Opportunities for Growth

Daniel H. Fine

Department of Oral Biology, Rutgers School of Dental Medicine, 110 Bergen, Newark, NJ 07103, USA;
finedh@sdm.rutgers.edu

1. Gaps in the Knowledge, Opening a Forum for Discussion and Future Directions

The purpose of this Editorial is to expose the gaps in the knowledge created by a
decision by the World Workshop Consensus Conference (WWCC), held in 2017, which
was focused on the re-classification of periodontal diseases [1]. This newly developed
classification system has had a negative impact on our ability to understand a specific
form of periodontal disease [2]. This Special Issue of Pathogens focuses on the newly
developed classification system and how it affects our ability to understand a specific form
of periodontal disease, Localized Aggressive Periodontitis (LAgP), and the microorganism
Aggregatibacter actinomycetemcomitans, which is intimately involved in disease initiation
and progression [2]. As a result of the conclusions of the 2017 conference, research re-
lated to LAgP and Aggregatibacter actinomycetemcomitans has been minimized, as have the
unique features of (1) LAgP, the “disease” (2) the key essential microbe related to this
disease, and (3) replicated research that supports the uniqueness of both the microbe and
the disease have been squelched [3,4]. This Special Issue also illustrates how important
studies of Aggregatibacter actinomycetemcomitans in well-defined cases of LAgP have led
to scientific discoveries that have extended far beyond this field of research, into areas as
diverse as staphylococcal infections and lymphomas [5,6]. The editorial below will discuss
(1) the developments that led to this current state of affairs, (2) the outsized influence
this conference has had on this field of study, (3) the failures of this particular consensus
conference, and (4) the way in which future failures can be overcome by well-designed
consensus conferences.

A review of recent history will provide a better understanding of how these “new” def-
initions evolved and the effect these “new” definitions have had on this field of study. In the
specialty of periodontology, over the last 60 years or more, there have been repeated efforts
to review the current literature and update information regarding disease classification [7].
Global workshops have occurred, typically every 7 to 10 years, which were designed to
review diagnosis, treatment, and prevention, with the goal of presenting the most current
data that could function as a guide for practitioners, academicians, and researchers [7,8].
The direction over the past thirty to forty years has been focused on efforts to separate
diseases based on their unique presentation [9]. However, the most recent workshop has
taken a distinctly conservative and restrictive approach to periodontal disease and more
or less minimized the value of disease classifications that distinguished between aggres-
sive/rapidly progressive forms of disease, disease that is refractory to standard treatment,
and diseases that are slowly progressive [1,10,11]. This strategy goes against the fundamen-
tal approach in the health profession that led to personalized/precision medicine, which is
designed to emphasize subtle differences in diseases with an eye toward providing a more
precise guide to treatment and prevention [12]. Interestingly, the relationship between
periodontal disease and its effect on systemic diseases such as diabetes [13] and coronary
heart disease, as well as their effects on periodontal disease, have been retained [1,11,14].
While data related to cohorts of bacteria and their relationship with the local host response
and forms of periodontitis have been accumulating, this aspect has been minimized. In
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many cases, scientific truths take time to be accepted; however, in some cases, misguided
objections to factual data can outweigh proven truths. What seems obvious to some is an
anathema to others [15,16].

Research is intended to uncover scientific principles based on facts through a process
of repeated testing and replication intended to support or refute the original hypothesis.
However, research is conducted by humans, all of whom have foibles that can introduce
prejudices and biases that can undermine the intentions and findings of the original re-
search. The recognition that specific forms of the most common dental diseases, caries, and
periodontitis are dependent on a complex imbalance in the local ecology, with overriding
genetic and sociological component is logical [17,18]. The data supporting these linkages
are convincing but still have missing fragments. Putting these pieces together takes time
and is a common goal in several other branches of biological research; however, throwing
the baby out with the bathwater is also common and an ill-conceived approach [19]. It
appears as if profound experimental proof changes some opinions; however, landmark
experiments occur infrequently and are usually dependent on a small group of insight-
ful/influential researchers [20]. Max Planck developed a principle that suggests that “new
scientific truth does not occur by convincing opponents but results from the death of its
opponents” [15]. Simply put, scientific progress, as per Planck, occurs one funeral at a
time [16]. While the direction of oral biology has been moving forward, we are facing
the feeling that some of our major decisionmakers are unwilling or unable to accept the
concept of personalized/precision medicine. Proof of the relevance of the specificity and
importance of an accurate diagnosis can be seen in another branch of our specialty, the area
of pediatric dentistry, where the diagnosis of subtypes of caries has had a major impact on
the prevalence of caries in children [2]. The diagnosis of occlusal as opposed to proximal
caries resulted in the use of occlusal sealants, reducing the prevalence of occlusal decay [21].
In the case of the diagnosis of early childhood caries (ECC), dietary restrictions resulted in
a reduction in ECC [22]. In the most recent World Workshop on Periodontal Diseases, the
“consensus” reached by a group of individuals gathered at this world workshop in 2017
reversed scientific progress. This may be explained by the death of major advocates of the
microbiology and immunology of periodontal diseases, allowing the doubters to emerge as
the more influential and powerful group [23,24].

One example of this cycle of discovery and lack of support took place in 1848, when
Dr. Ignaz Ignaz Semmelweis, a Hungarian physician/obstetrician, observed and reported
that puerperal fever at the time of birth resulted from poor antiseptic practices by the
physicians who were in charge of delivery [25]. He noted that the midwives in the surgical
ward he attended washed their hands prior to the delivery of pregnant mothers, whereas
the physicians who had just come from teaching anatomy entered the operatory without
washing their hands prior to delivery. This omission, he postulated, resulted in the much
higher death rate in the babies delivered by physicians as compared to deliveries attended
to by midwives [26]. He then conducted a simple set of experiments, which compared
delivery after hand-washing with a chlorine rinse to delivery after no hand-washing and
showed conclusively that puerperal fever was significantly reduced if those delivering
the babies washed their hands thoroughly prior to delivery. His presentations to societies
throughout Europe fell on deaf ears and were only accepted after Dr. Joseph Lister repeated
these experiments by demanding hand-washing and spraying phenolic acid in the delivery
rooms he supervised [27]. These studies were first presented in 1865 and were published in
1867. However, in 1865, Semmelweis was committed to a mental institution and died never
knowing that his basic experiment was finally accepted by his medical colleagues.

This editorial and the upcoming book were designed to provide an open forum for
discussion among researchers and clinicians who are opposed to the position taken at
the last consensus conference. Vigorous discussion has not been encouraged, nor has
there been any significant discussion related to this new classification [28]. This failure in
communication needs to be corrected and is especially unacceptable in a complex scientific
endeavor. As a result, an active field of research has been affected, and this failure will
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continue to hamper research and clinical care in a specific form of periodontitis that occurs
in children and adolescents of African descent [2]. We used this Special Issue to focus on
LAgP, but other forms of periodontitis need to be considered as well. The rationale for the
emphasis on LAgP is that tooth loss occurs at an early age and the severity of the disease
can possibly compromise the overall health of the individuals affected.

The book will describe the outsized influence the WWCC decision has had on this field
of research, resulting from the failure (1) to follow best practices for consensus conferences,
(2) to show an open-minded appreciation of longitudinal studies that have been replicated
and support key elements demonstrating differences in this silent and orphan, or rare,
“disease” as compared to other forms of periodontitis, and (3) to separate disease categories
into well-defined groupings and to differentiate the subtle and unique differences between
divergent forms of periodontal disease [28].

The second part of this Editorial will present a brief background of oral microbiology
and how it fits into the overall scheme of microbiological discoveries that currently relate
to periodontitis. The final piece of the editorial will present a very brief overview of the
organization of the articles contained within the Special Issue.

2. A Brief Overview of the Long History of Oral Microbiology and Periodontal Disease

Oral microbiology has been intimately connected to general microbiology since its
inception. For those unfamiliar with the history of microbiology and oral disease, a brief
review focusing on the connection between oral microbes in the oral cavity and microbio-
logically induced diseases in general is provided. Antonie van Leeuwenhoek (1632–1723),
originally a haberdasher from the Dutch Republic who later became a lens-maker and
self-taught biologist, notably documented the microbes (he termed them “animalcules”)
that he visualized in his simple microscope [29,30]. Generally regarded as the “Father
of Microbiology”, Van Leeuwenhoek started examining pond water, saliva, and almost
everything he could find, extensively documenting the size and shape of the things he
magnified with his primitive microscope. His diagrams and descriptions of the images
he visualized were published for the benefit of his scientific peers. In his words, “I. . .took
the material. . .from the gums above my front teeth. . .I found a few living animalcules.”
He hand-drew pictures of creatures including cocci, spirochetes, and fusiform bacteria.
In another one of his observations, he said “I took in my mouth some very strong wine-
Vinegar, and closing my teeth, I gargled and rinsed them very well. . . but there were an
innumerable quantity of animalcules yet remaining. . . I took a very little wine-Vinegar and
mixt it with the water. . .[i.e., in vitro] whereupon the Animals dyed presently. . .. From
hence. . .I conclude, that the Vinegar with which I washt my Teeth, kill’d only those Animals
which were on the outside. . . but did not pass thro the whole substance of it. . .the scurf”
[this “scurf” is what we now refer to as a biofilm] [29,30].

Two hundred years later, Louis Pasteur (1822–1895) and Robert Koch (1843–1910)
founded the fields of immunology and microbiology [31,32]. Fortunately for the emerging
field of dentistry, Willoughby Miller (1853–1907), a dentist trained at the Philadelphia Dental
College, traveled to Germany in 1879, stayed there for many years, and studied classical
methods of microbiology in the laboratory of Koch starting in the 1890s [33]. There, he
proposed that the fermentation of carbohydrates occurs in the presence of oral bacteria,
resulting in the formation of acid and destruction of enamel [34]. He also proposed the “focal
theory of infection”, stating that oral microbes play a role in diseases at sites distant from
the oral cavity [34]. This theory was not substantiated. Miller’s career choice was influenced
by his father-in-law, Dr. Alexander Abbott (1860–1935), director of the “Laboratory of
Hygiene”, located next door to the Dental College, who authored the first textbooks of
microbiology in the USA, called The Hygiene of Transmissible Diseases and Principles of
Bacteriology [33]. Furthermore, Dr. David Bergey (1860–1937), a member of Abbott’s
department and the creator of Bergey’s Manual of Determinative Bacteriology, was another
key contributor to bacteriology in the USA [33]. A young student from England, Theodor
Rosebury (1904–1976), enrolled at the University of Pennsylvania Dental School, attained
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his dental degree in 1928, and then was offered a fellowship at Columbia University, where
he immersed himself in microbiology and began to study caries and periodontal disease
from a microbiological perspective [35]. Although microbiology was a field in its embryonic
stages, numerous publications related to oral microbiology and disease were starting to
appear. Those further interested in this history can peruse a 1918 article by Kritchevsky and
Seguin [36], a 1918 paper by Turner and Drew [37], and a 1929 report by Beckwith et al. [38].
These publications likely stimulated Rosebury in his pursuit of a career in microbiology.
Over the years, Rosebury and colleagues pioneered vaccine development for caries, and
developed the methodologies used to study anaerobic microorganisms [35]. Famous for his
work on the anaerobic chamber and anaerobic microbiology, during WWII he was appointed
the Director of Germ Warfare at Fort Detrick, Maryland [35]. Rosebury notably was a mentor
of JB MacDonald (1918–2014), the first director of the Forsyth Institute (appointed in 1956),
who assembled a team of researchers that included Dr Sigmund Socransky (1934–2011)
and Dr. Ronald Gibbons (1932–1996), among others [35]. This very brief and limited
historical review omits many researchers who made important contributions to field, such
as Hemmens and Harrison (1942; [39]), Fish (1937; [40]), Box (1947; [41]), Waerhaug and
Steen (1952; [42]), and Shultz Haudt et al. (1954; [43]). Toward the end of the 1950s, the
question as to whether infectious diseases are caused by a single microbe such as Bacteroides
melaninogenicus (proposed by JB MacDonald and the Forsyth group [44] or by a consortium
of microbes (proposed by Rosebury and colleagues [45] was disputed by microbiologist
of that era; this was a forerunner of the hypotheses that provided possible explanations
regarding the causes of periodontal diseases (Loesche, 1976; [46]. This controversy more than
likely stimulated Walter Loesche (1935–2012), a graduate student at MIT/Forsyth/Harvard,
to propose “The Specific Plaque Hypothesis (SPH) and Non-Specific Plaque Hypotheses
(NSPH)”, as discussed below (Loesche, 1976; [46]). The difficulties in growing anaerobic
subgingival bacteria stimulated Socransky and his colleagues (1991; 1998; [47,48]), Wade et al.
(1997; [49]) Floyd Dewhirst and Bruce Paster [50,51], who were among the forerunners of the
development of methods used to enumerate the uncultivable microbes that lead to qPCR.

Over the years, several hypotheses have been presented by microbiologists, intended
to guide researchers in their studies and to establish proofs of the relationships between
microbes and infectious diseases. Notable among these were original concepts proposed
by Friedrich Gustav Henle (1809–1885), which were later modified by Koch, who, in 1890,
proposed his “postulates”, which required several steps of proof to conclude that a specific
microbe causes a disease. First, these postulates proposed that the microbe of interest must
be found in the disease but not seen in healthy subjects. Then, the microbe must be isolated
from the diseased person and grown in pure culture. Second, once isolated in pure culture,
this microbe should be placed into a healthy animal and a similar pattern of disease should
emerge. Finally, the organism should be re-isolated from the experimentally induced
diseased animal [31,32]. These postulates were modified many times. The postulates were
especially difficult to prove when the diseases were viral in nature, or when “causative”
microbes could not be isolated in pure culture. Nonetheless, these postulates provided a
framework for exploration. Other obstacles occurred when the “focal theory of infection”
was proposed. With reference to oral infections, this theory proposed that commensal
microbes from the oral cavity that were not necessarily pathogenic in nature were suspected
of causing diseases distant from the oral cavity [52]. More recently, the “Bradford Hill
Criteria”, proposed in 1965, included nine proofs that ideally must be met in order to
conclude that the proposed microbe is causative of the disease in question [53]. While more
comprehensive than Koch’s postulates, the criteria do not emphasize the importance of
host susceptibility. These criteria are discussed in more detail in this Special Issue/Book [2].
With respect to dental diseases, several important hypotheses have been proposed in efforts
to understand the etiology of these diseases, which include the following: (1) The Specific
Plaque Hypothesis (SPH), the Non-Specific Plaque Hypothesis (NSPH) [46], the Ecological
Plaque Hypothesis (EPH) ([Marsh 1994; [54]), and the Keystone Plaque Hypothesis (KPH;
Hajishengalis et al., 2012 [55]).
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These hypotheses propose alternative conceptual explanations of disease initiation in
efforts to guide treatment and prompt further study. The SPH suggests that a particular
microbe or group of microbes are responsible for a particular form of dental disease, which
can be treated by reducing the particular microbe(s) with either antibiotics or antiseptics.
The NSPH suggests that the accumulation of a quantity of plaque leads to disease, which
can be managed by reducing the volume of plaque or its metabolic components. The
EPH states that microbial ecology is influenced by the nutrients supplied to the plaque
environment, either through external factors such as (1) sugars in the case of caries, or
(2) microbiologically induced growth factors, and/or (3) through the host and/or microbial
factors produced in response to environmental shifts. These factors can be attributed to
the results that progressing disease has on microbial succession or host response elements
(Marsh, 1994 [53]). Thus, in one example, the excessive consumption of carbohydrates will
cause a plummet in dental plaque pH, which will increase the likelihood of the overgrowth
of acidogenic (acid-producing) microbes living within that biofilm/plaque matrix. In
another example, heme and menadione, derived from red blood cells emanating from
microbial-induced inflammation in gingival tissues, can provide an ecological advantage
to Porphyromonas gingivalis through promoting its continued growth and survival thanks to
the nutritional factors derived from inflamed tissue. The KPH proposes that particular low-
abundance microbes such as P. gingivalis can act as a “Keystone” microbe that modulates the
host immune system to protect itself and other members of the subgingival microflora. This
host modulation can support and encourage the growth of other less adaptable microbes
that are biogeographically close to the co-inhabiting P. gingivalis microbes and that provide a
cover for these less adaptable microbes in a hostile subgingival environment (Hajishengalis
et al., [55]).

Our research group used the phrase “social influencer” to capture the idea that mi-
crobes like Aggregatibacter actinomycetemcomitans and P. gingivalis, even at low numbers, can
have an outsized influence on the surrounding microbes by encouraging their growth and
survival [2]. We propose that the “one” can influence the “many” by suppressing the host
immune system at the local level. While each of these hypotheses has contributed to our
understanding of disease in the oral cavity, each has focused on the bacteria and minimized
the importance of alternative ways to assess damage to the host’s periodontal tissues. As
a result, we now favor “The Damage/Response Framework” presented by Casadevall
and Pirofski [56]. The features of this framework that differentiate it from other microbe-
or host-centric hypotheses are that (1) contributions from both the host and the microbe
are required to cause virulence (a microbe-centric term), (2) the ultimate outcome of the
interaction of the microbe and host is determined through the damage to the host, thus
incorporating the role of the host into the concepts of virulence and pathogenicity (a more
host-centric term), and (3) the concept that host damage is tied to interactions between the
host and microbes that vary with time. Time-related disease can be best illustrated by two
viral diseases, chicken pox [57] and polio [58]. In chicken pox, the disease appears under
control but flares up in some older individuals and is manifested as shingles due to the
re-emergence of the Herpes Zoster virus. In polio even though the virus is undetected,
symptoms can emerge in elderly individuals due to host damage that occurred decades ago.

In the mid-1960s, dental academics’ and practitioners’ interest in the relationship
between microbiology and periodontal disease was re-invigorated by the work of Keyes
and Fitzgerald (1962; [59]) and Loe and colleagues (1965; [60]). However, in the year
1976, the impetus to create tools and hypotheses designed to explore the relationship
between microbiology and dental disease occurred in a more systematic manner. First, two
independent investigators discovered that Localized Juvenile Periodontitis (later called,
LAgP) was associated with a Gram-negative capnophilic cocco-bacillus, which was named
Actinobacillus actinomycetemcomitans at the time [61,62]. These discoveries coincided with
the introduction of the Specific Plaque Hypothesis developed by Walter Loesche (1976; [46]).

As shown in Figure 1, modified from Casadevall and Pirofski [56], we propose that
periodontal disease, especially localized aggressive periodontitis, is most compatible with
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the damage/response framework. In this case, we propose that either a weakened local host
response or an over-exuberant local host response will encourage disease at the local site.

    Immune response 

Figure 1. Damage/response framework. The more extreme the host response is (weaker or stronger)
the worse the outcome.

3. Overview of the Special Issue

The Special Issue is divided into three portions: (1) a clinical overview of the disease
and the data that show its unique features; (2) the microorganism, Aggregatibacter actino-
mycetemcomitans, which is not sufficient but necessary for the disease to occur through
altering the ecology enough to overwhelm the host; (3) discoveries centered around Aggre-
gatibacter actinomycetemcomitans that developed as a result of intense molecular studies of
this microbe. These intensive molecular investigations resulted in therapies being devel-
oped for diseases as wide-ranging as psoriasis, lymphomas, and staph infections, as well
as other polymicrobial diseases, and are described in the final two papers.
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Abstract: This review addresses the recent World Workshop Consensus Conference (WWCC) decision
to eliminate Localized Aggressive Periodontitis (LAgP) in young adults as a distinct form of periodon-
titis. A “Consensus” implies widespread, if not unanimous, agreement among participants. However,
a significant number of attendees were opposed to the elimination of the LAgP classification. The
substantial evidence supporting a unique diagnosis for LAgP includes the (1) incisor/molar pattern
of disease, (2) young age of onset, (3) rapid progression of attachment and bone loss, (4) familial
aggregation across multiple generations, and (5) defined consortium of microbiological risk factors
including Aggregatibacter actinomycetemcomitans. Distinctive clinical signs and symptoms of LAgP are
presented, and the microbial subgingival consortia that precede the onset of signs and symptoms
are described. Using Bradford–Hill guidelines to assess causation, well-defined longitudinal studies
support the unique microbial consortia, including A. actinomycetemcomitans as causative for LAgP. To
determine the effects of the WWCC elimination of LAgP on research, we searched three publication
databases and discovered a clear decrease in the number of new publications addressing LAgP since
the new WWCC classification. The negative effects of the WWCC guidelines on both diagnosis and
treatment success are presented. For example, due to the localized nature of LAgP, the practice of
averaging mean pocket depth reduction or attachment gain across all teeth masks major changes in
disease recovery at high-risk tooth sites. Reinstating LAgP as a distinct disease entity is proposed,
and an alternative or additional way of measuring treatment success is recommended based on an
assessment of the extension of the time to relapse of subgingival re-infection. The consequences of
the translocation of oral microbes to distant anatomical sites due to ignoring relapse frequency are
also discussed. Additional questions and future directions are also presented.

Keywords: aggressive periodontitis; Aggregatibacter actinomycetemcomitans; treatment success; consensus
conferences; microbiome consortia; damage/response framework

1. Introduction: Importance of Recognizing Subtypes of Periodontitis for
Scientific Discovery

The primary purpose of this hybrid review is to present evidence that Localized
Aggressive Periodontitis (LAgP; recently reclassified as Stage III Grade C Periodontitis)
is a unique disease that deserves its own classification as a distinct form of periodontitis.
The aim of this review is to describe the features that make this disease distinctive on a
clinical and microbiological level. A more complete understanding of the roles of genetics
and host responsiveness in young individuals requires additional research (described
in Miguel and Shaddox (This Special Issue). Additional efforts to gain this important
information may be thwarted if LAgP is abandoned as a distinct entity. This review will
be structured into sections that support the role of A. actinomycetemcomitans in this unique
disease. The manuscript is somewhat unconventional and consists of a hybrid paper that
contains literature review material, opinions based on evidence, and examples of LAgP
related to tooth loss and assessment of treatment success or failure. The paper stresses the
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clinical and microbiological aspects of LAgP, especially in vulnerable populations. The
review presents these unique features in distinctive sub-headings as follows: (1) Overall
Introduction, (2) Influence of the World Workshop Consensus Conference (WWCC) on
Disease Classification, (3) Benefits of Precise Disease Classification, (4) Brief History of
Landmark Experiments that Support Microbiological Associations with Dental Diseases,
(5) The Damage/Response Framework, (6) Examples of Distinct Characteristics of LAgP,
and (7) Conclusions and Future Directions.

The paper presents information that challenges the decision made by the WWCC to
eliminate LAgP as a unique disease entity [1,2]. Many ways of classifying different forms
of periodontal disease have been proposed, but the recent Stage III Grade C classification
no longer recognizes the disease previously known as Localized Aggressive Periodontitis
(LAgP), Periodontosis, Localized Juvenile Periodontitis, and Early Onset Periodontitis [1,3].
The Staging and Grading method of classification adopted by the leadership of the WWCC
is a scheme that has been used extensively by cancer researchers and clinicians for purposes
of creating a consistent system for prognosis and treatment [4]. However, the classification
of the disease by staging and grading was never intended to serve as a substitute for a
robust framework for disease diagnosis [5]. As noted above, throughout the extensive
history of efforts to characterize LAgP, many name changes have evolved, but several
features unique to this disease have remained constant, including (1) the early age of onset
of disease, (2) the disease is localized, at least initially affecting incisors and first molars,
and (3) the rapid rate of severe bone loss compared to forms of periodontitis presenting in
adults [3,6]. It has also been obvious that, unlike adult periodontitis, LAgP frequently ex-
hibits strong familial aggregation with transmission across multiple generations [7]. LAgP
also exhibits a far higher prevalence of 2.05% in African Americans aged 14–17 compared to
only 0.14% in persons of European ancestry in the United States, a nearly 15-fold difference
in frequency [8].

The revised classification of LAgP as Stage III Grade C ignores the distinct clinical,
microbiological, and genetic differences in this aggressive form of periodontitis as compared
to adult forms of the disease [9]. Historical revisions of nomenclature that reflect shifting
opinions are valid, but in this case, the WWCC change fails to reflect the most current
scientific knowledge, especially with respect to clinical and microbiological features [10].
One goal of this review is to illustrate the negative effects that this “new” classification is
already having on research aimed at understanding the etiology and progression of LAgP
and the impacts that this “classification” has on clinical diagnosis and treatment. This paper
will focus on (1) the unique clinical presentation of LAgP, (2) the unique microbiological
risk factors associated with LAgP, and (3) historical and clinical examples that show why
LAgP should continue to be recognized as a unique disease entity.

2. Influence of Consensus Conference and Key Microbiological Influences on
Disease Classification

(A) WWCC impact on Disease Classification.

Dental biology does not exist in a vacuum. The WWCC focus on histopathological
differences as the ultimate discriminator for periodontal disease classification is narrow.
Histopathological discrimination is unlikely until biopsy material related to active dis-
ease has been collected [11]. In time, it is likely that both histopathological and genetic
differences between periodontitis in older adults and LAgP in children and young adults
will be uncovered [12]. However, at this moment, it is inappropriate to ignore the major
clinical signs and symptoms that are unique to LAgP [13]. As for genetics, thus far, etiology
based on a single gene of major effect causing LAgP appears unlikely, aside from rare
syndromic forms such as those caused by mutations in the cathepsin C gene [14]. Instead,
it is more probable that an ensemble of genes of small to moderate effect, combined with
environmental risk factors, play a prominent role in susceptibility to the disorder [12,15].
The WWCC argument that cases of LAgP are too rare to warrant recognition as a unique
diagnosis is inconsistent with standard practice in medicine where orphan diseases (affect-
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ing less than 200,000 individuals in the U.S.) routinely receive specific diagnoses [16]. The
2.05% prevalence among the 11+ million African American adolescents in the United States
alone would mean that approximately 225,000 individuals are likely to be affected by LAgP.
Moreover, necrotizing diseases are also very uncommon, but despite their limited numbers,
these diseases were still recognized with a unique diagnosis by the WWCC [17,18]. The
suggestion that the determinations of the WWCC are unalterable is invalid because changes
in the WWC classification have occurred previously [19].

Necrotizing diseases such as Acute Necrotizing (AN) Gingivitis and AN Periodontitis
provide good examples as to how disease categorization can be implemented by the
WWCC based on new information despite their low prevalence. Further, AN diseases
illustrate how “impairment of the host immune system” can create a dysbiotic state. In
the examples of necrotizing diseases, histopathological differences are extolled [17]. We
propose that patients with LAgP fit into the same category, also having an impaired host
immune system but in this case at the local level, as demonstrated by polymorphonuclear
leukocyte dysfunction that in itself supports the concept that this is a specific category of
disease [20]. In spite of these inconsistencies, the WWCC authors failed to create a separate
case definition for LAgP as a distinctive disease entity [1]. There is no recognition of the
uniqueness of LAgP in the WWCC decision despite the fact that many expert reports in the
literature, including the foundation paper on LAgP written for the WWCC, clearly point to
specific signs and symptoms, especially in patients of African descent who have excessive
bone loss at an early age [11,21]. In fact, the decision to eliminate LAgP as a disease entity,
despite its characteristically unique clinical features that separate it from other forms of
periodontitis, lacked the widespread agreement among the Workshop participants normally
required for a decision to be characterized as a “consensus” [22].

(B) Support for Maintaining LAgP as a Disease entity.

We have used this section to provide support for maintaining LAgP as a distinct
disease entity, offering a rationale for this support that is more accessible to both clinicians
and researchers.

Over the years, disease diagnoses have been debated among the “lumpers” and
“splitters”. These terms originated in evolutionary biology but could be used in any form
of biology [22]. Most simply put, “lumpers” tend to join things together, while ‘splitters”
separate things so that they can be examined individually in greater detail. In the words of
Siddhartha Mukherjee, author of the bestselling book “The Emperor of All Maladies” [23],
there is great value in differentiating cancer types for diagnosis and therapy. In his words,
“How can you treat something you can’t name?”. As one example, Dr. Mukherjee points
out that targeted immunotherapy is successful because definitions of disease highlighting
different types of cancers can be affected by specific targeted treatments [23]. This reasoning
can also be applied to LAgP. Staging and Grading, first introduced in the 1940s and 1950s
by Dr. Pierre Denoix, was never intended as a diagnostic strategy [24].

Personalized/Precision Medicine was promulgated by the insightful work of Dr. Ralph
Snyderman (former member of the immunology section of the National Institute of Dental
and Craniofacial Research and Dean of Duke University Medical School) [25]. Personalized
Medicine makes great efforts to define diseases precisely as opposed to lumping different
forms of a disease into a single group [21].

i. Age as a consideration for case determination. A close look at the new WWCC
definition of LAgP (now called Stage III Grade C Periodontitis) reveals that there is no
distinction within this framework that discriminates between a young adolescent with the
disease and older patients presenting with a similar pattern of disease [13]. It appears as if
the extensive data on cases of Localized Aggressive Periodontitis in adolescents or children
who show extreme levels of disease were overlooked for reasons not enumerated [26].

There is no dispute that subgingival bacteria initiate a host damage response in both
LAgP and other forms of periodontitis [27]. However, it appears as if factors such as age
of onset, ethnicity, and rate of disease progression are ignored in the recent Consensus
document [18]. The Consensus summary states that differences in the pathobiology of
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aggressive and chronic forms of periodontitis are not significant enough to establish distinct
disease entities [1]. Of curiosity, age as a factor for periodontitis is reported by one of the
foundation papers, but here, age assessment begins with individuals 30 and above [28].
The paper concludes that . . .”empirical evidence-driven definitions of CAL (Clinical At-
tachment Level) thresholds signifying disproportionate severity of periodontitis by age
are feasible [28] and that . . .”age is a significant determinant of the clinical presentation of
periodontitis. . .” and “. . . individuals with fewer remaining teeth have higher mean CAL
and PD measures” [28]. The age determinant is especially true for LAgP, but the age range
for an LAgP disease classification is not considered in the paper. The focus of those of us
who study LAgP has usually been on individuals aged 20 and younger, but this age group
was not recognized [29].

ii. Rate of bone loss as a consideration for disease classification. The most prominent
illustration of differences in the rate of disease progression occurs when comparing LAgP to
Adult Periodontitis (AP). The rate of disease progression is a difficult parameter to measure
unless longitudinal studies are performed [30,31]. A simple examination of specific site
disease progression can be determined when LAgP and adult periodontitis patients are
compared and age is introduced as a parameter. There is no denying that 6 to 8 mm of bone
loss is rarely seen in a short period of 2–3 years in any other forms of periodontitis aside
from LAgP [11,32]. However, even in LAgP, this very significant fact (rate of bone loss) is
hidden when mean clinical attachment levels (CAL) are averaged over all teeth with up to
168 sites [30] (see Section 6 B).

iii. Etiology as a consideration for disease classification. The hazardous, often chal-
lenging, shifting, and, at times, impaired oral environment (e.g., irradiated salivary glands,
dry mouth, circadian rhythms) has resulted in a highly adaptable oral microbiome [33].
As the main entryway into the body, bacteria first reaching the oral cavity face enormous
environmental obstacles and a multitude of surfaces for colonization [34]. The more we ex-
plore, the more we realize that oral bacteria are not only involved in dental disease but that
these highly adaptable bacteria can and have been shown to escape their initial oral habitat
and move to remote sites to exacerbate diseases at sites distant from the oral cavity [35,36].
While we first thought of specific bacteria as the etiological agents of dental diseases, our
thinking based on well-designed longitudinal clinical studies has changed our focus to
reflect the fact that the consortia of oral bacteria are most likely the provocateurs [29,37].
These consortia operate as a well-organized dysbiotic community and challenge the host’s
ability to defend itself [38,39].

(C) Influence of WWCC decision on LAgP publications.

The WWCC’s decision to ignore LAgP as a unique diagnosis has had an outsized
influence on diagnosis, treatment, prevention, and scholarship in the areas of microbiology,
immunology, and pathobiology of periodontal disease. It was our expectation that the
elimination of LAgP as a disease would lead to less research, more limited treatment
options, and risk further divorcing our field’s biological initiatives from that of modern
medicine. To explore our concern that the new classification has already had an impact
on research and clinical scholarship, we performed a database search using mesh terms
that included Periodontitis, Aggressive Periodontitis, Localized Aggressive Periodontitis,
and Stage III Grade C Periodontitis. We limited the time span of the search to 12 years
(6 years prior to the change in terminology, from 2012 to 2017, and 6 years following the
classification change from 2018 to 2023). We used these terms to search PubMed, Web of
Science, and Scopus databases. Data derived from these searches were used to compare the
number of papers published within these time frames in each of the categories specified
(Table 1). The results show an overall increase in papers with “Periodontitis” in their
title and/or abstract six years following the WWCC but a 33% decrease in those with
“Aggressive Periodontitis”. It is abundantly clear that the elimination of LAgP as a case
definition has had a major negative impact on the number of publications focusing on
patients who previously were classified as LAgP (see Table 1).
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Table 1. Numbers of publications by periodontitis disease categories 2012–2023.

Disease
Category

Pub Med
Years

Web of Science
Years

Scopus
Years

2012–2017 2018–2023 2012–2017 2018–2023 2012–2017 2018–2023

Periodontitis 6492 6287 10,181 16,420 13,000 18,926

Aggressive
Periodontitis 884 534 1053 817 1030 679

Localized
Aggressive

Periodontitis
179 114 134 102 118 80

* Stage III
Grade C

Periodontitis
* 148 * 138 * 135

Comparisons between 6 years prior and 6 years following category changes are seen below as percentages
disclosed by each search engine. Periodontitis changes varied from −3% to +38%. Aggressive Periodontitis
changes varied from −22% to −40%. Localized Aggressive Periodontitis changes varied from −24% to −36%.
* Stage III Grade C includes all forms of Aggressive Periodontitis and does not discriminate between adolescents
and adults who have the disease; thus, the number of publications is at a minimum of 60% less when compared to
LAgP; in addition, 20% of these publications define the new classification and did not present clinical data.

3. Benefits of Precise Disease Definitions

In the section below, we describe two examples of how well-defined disease definitions
lead to accurate diagnosis and improved treatment outcomes. One example relates to
dental disease, and one relates to diseases that are sexually transmitted. First, Pediatric
Dentistry has deemed it appropriate and beneficial to go with the “splitters” approach
and name diseases that have similar outcomes but have distinctive characteristics that
can be recognized by clinicians and can be treated in ways that benefit patients [40]. For
example, the biological processes of caries, despite their various locations in the mouth,
are very similar, and all varieties are related to acid-producing, aciduric microbes that
affiliate themselves with tooth surfaces and demineralize the surface and subsurface to
create a carious lesion [41]. Nevertheless, for Pediatric dentists, the caries process has been
recognized as having distinct subtypes: (1) occlusal caries, (2) proximal caries, and (3) root
caries [42]. Moreover, early childhood caries (ECC) has been recognized as a distinct
clinical entity [43]. These well-defined diagnoses have led to specific treatments such
as (1) sealants used to obliterate occlusal pits and fissures [44], (2) fluoride varnishes for
proximal decay [45], and (3) dietary counseling for prevention of ECC [46]. These treatments
have resulted in changes in caries prevalence that benefit dental and overall health [47].
Unfortunately, our field’s new WWCC guidelines fail to make similar distinctions for a
major subtype of periodontitis, and it is our premise that these guidelines are going to have
a negative impact on the treatment and prevention of this unique disease.

Sexually transmitted diseases (STDs) provide a second example where sub-division
has had a prominent effect on disease diagnosis treatment success [48]. Naming the speci-
ficity of these diseases has led to successful outcomes. For instance, Syphilis is initiated
by Treponema pallidum, Gonorrhea is due to Neisseria gonorrhoeae, and Chlamydia is due to
infection by Chlamydia trachomatis. Hepatitis B, Herpes Simplex virus (HSV), Human Papil-
lomavirus (HPV), and AIDS initiated by HIV are infections due to specific viruses [49]. In
contrast, some diseases can be initiated by a variety of infectious agents and promote mor-
bidity and mortality resulting from disparate confounding factors. For example, Kaposi’s
sarcoma can be caused by (1) Herpes virus (HHV-8), (2) AIDS-related HIV, (3) iatrogenic
transplant associations, (4) advanced age, most common in Eastern Europeans, Middle
Eastern, and Mediterranean men, and (5) endemic Kaposi’s sarcoma, occurring in young
people in Africa [50]. These distinctions in diseases and the resulting tissue damage point
to distinct therapies since they are complex and are best described by the Damage Re-
sponse Framework introduced by Casadevall and Pirofski [51,52]. These authors described
how HIV, the primary infectious agent in AIDS, typically is not the cause of mortality
or morbidity [51,52]. The disease and irreversible tissue and organ damage were due to
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the immunocompromised host being unable to counteract damage inflicted by otherwise
harmless microorganisms [53–55]. The lead WWCC authors’ effort to compartmentalize
Periodontal Diseases and Conditions fails to distinguish between diagnosis, treatment,
and prognosis. On the positive side, their decisions may have improved opportunities for
reimbursement by third-party payers, but that outcome remains to be seen.

4. Brief History of Landmark Experiments That Support Microbiological Associations
with Dental Diseases

(A) Seminal Discoveries of Microbes and Dental Diseases.

Infectious diseases, by definition, have a microbial etiology, and thus, specific infec-
tious agents are used to define the disease of interest. The recognition of microbiological
aspects of dental disease began in full force in the earliest days of microbiology, when it
first became an accepted field of biology. W.D. Miller, one of the first graduates of the
Pennsylvania Dental College (graduating in 1879), went to Berlin to study in the laboratory
of Robert Koch. Miller developed the chemo-parasitic theory of caries, suggesting that
oral bacteria fermented sugars and produced acids that demineralized enamel [56]. He
also developed the focal theory of infection, which suggested that bacteria or products of
bacteria can travel to sites distant from the oral cavity and play a role in the development
of various diseases that can affect the brain, lungs, and stomach. Sometime thereafter,
Kritchevsky and Seguin [57], two French microbiologists, focused on periodontal disease
and its treatment. They also believed that oral disease could be implicated in systemic
diseases. Over time, the focal theory of infection was abandoned because treatments such
as full mouth extraction designed to eliminate oral infection had no impact on the systemic
diseases that these oral microbes were proposed to cause. Immunological research in the
same era examined the role of oral microbes on immune responsiveness. Notable among
them were papers by Beckwith and colleagues, who showed in dramatic fashion how oral
bacterial plaque provoked a severe full-body immunological/inflammatory response [58].

However, the emphasis on microbiology and immunology did not receive substantial
attention from the dental and research community until two dramatic experiments made a
profound and lasting impact. In retrospect, these advances were not without their flaws,
and thus, these landmark experiments need to be put into context based on our current
understanding of disease [42].

The series of rigorous experiments by Paul Keyes and colleagues clearly showed that
caries could be passed from mother to child when he compared the caries experiences
of Golden Hamsters to Albino Hamsters [59]. Keyes was interested in dietary influences
on the caries process but accidentally stumbled on the fact that Golden Hamsters were
highly susceptible to carious dental lesions while Albino Hamsters were carie-free. By
shifting newly born Albino pups into cages with Golden Hamster Dames, he found that
these pups, delivered by cesarian section in a germ-free chamber, would now show caries
because they were suckled by caries-exposed Dames. In contrast, Albino Dames, who
suckled Golden Hamster pups, also delivered by cesarian section, showed no caries. It was
found that penicillin could impede the carious process, and finally, it was shown that the
agent provocateur was a Gram-positive coccus (later identified as Streptococcus). These
experiments showed that caries were caused by oral microbes in animals fed carbohydrates
and that the microbes could be passed from mother to child. These experiments were
dramatic and demonstrated the importance of acid production and demineralization, but
it is important to point out that the experiments were conducted in the absence of a fully
developed microbiome. As a result, dysbiosis and homeostatic imbalance were not studied
(Figure 1).
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Figure 1. Illustration of the Golden and Albino Hamster experiments showing transmission from
mother to child. Golden Hamster Dame (caries positive) is on the left, and Albino Hamster Dame
(caries negative) is on the right side. Hamster pups are delivered in a sterile chamber by cesarian
section under sterile conditions, and then albino pups are put in the cage of the Golden Hamster
pups to be suckled by the Albino Dame (bottom right side of illustration) while the albino pups are
suckled by the Golden Hamster Dame (bottom left side of the illustration). As shown, the Golden
pups have no caries now (bottom right), while the albino pups have caries (bottom left).

The second seminal experiment was initiated and developed by Harald Löe and col-
leagues in Denmark [60]. The battleground was the junctional epithelium, the epithelial
barrier that formed a boundary between the subgingival pocket area and the gingival and
periodontal complex [61]. This complex boundary tissue contained all the elements that
could thwart the inward progress and extension of supragingival bacteria to the subgingi-
val space and provoke the ingress of destructive bacterial elements such as toxins, enzymes,
antigens, lipoproteins, polysaccharides, and teichoic acids, etc. It was proposed that these
substances could weaken the barrier and lead to the ingress of noxious elements, which
could result in overall aberrant host responsiveness, tissue alteration, and disease at the
local tissue site [62,63]. These experiments opened the door to our recognition that microbes
formed on teeth in an ordered, deliberate manner. Exploration of this model showed that
over time, the shift from a clean tooth surface to one colonized sequentially by microbial
pioneers, followed by a complex mass of bacteria over time, moved from above to below
the gum line. This progression from an aerobic to an anaerobic microbiome led to tissue
inflammation (Figure 2). These studies showed that resumption of toothbrushing and
other oral hygiene methods after abstention for a three-week period caused the removal
of microbial masses and a return to gingival health and implied that the supragingival
microflora was needed to supply nutrients to subgingival colonizers. This simple, elegant
model permitted our colleagues to investigate plaque biofilm development and the associ-
ated effect of microbial dysbiosis on tissue inflammation. Sophisticated microbiological
and histopathological studies provided a new and vital understanding of how microbes
interacted and how they may have affected the underlying epithelial and connective tissue
response [64,65]. However, these experiments also illustrated how host inflammation
provided a feedback loop for nutritional supplementation that might have accounted for
microbial expansion [66]. It was also shown that not all subjects responded in the same
way and to the same extent relative to the microbiological challenge and that within the
same mouth, different sites responded differently [67,68]. While now appreciated to be
much more complicated than previously thought, these experiments resulted in more
questions than answers and stimulated new areas of research that have moved well beyond
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dentistry. The whole field of coaggregation initiated by Paul Kolenbrander and colleagues
was derived from these primitive but elegant experiments [69,70].

Figure 2. Illustration of the experimental gingivitis model. Panel Upper Left: illustration of pre-
experimental gingival health of a student prior to abstaining from oral hygiene. Panel Lower Left:

Gingival indices indicate punctate areas of redness around marginal ginigivae, especially in the upper
premolar and molar areas 21 days after abstaining, while incisors show minimal inflammation. Panel

Upper Right: Plaque disclosure seven days following abstaining from oral hygiene using erythrocin
staining. Note minimal levels of plaque around the gingival margin of the teeth. Panel Lower

Right: Plaque disclosure 21 days after abstaining from oral hygiene. Note the increased intensity of
erythrocin staining, which illustrates increased plaque thickness, and how upper anterior teeth show
less staining, i.e., less plaque accumulation.

These understandings re-awakened interest in the movement of bacteria from oral
to distant sites [63]. Local destruction was thought to result from the direct result of
bacterial by-products such as enzymes, toxins, etc., or from an overactive host response
initially designed to stem the tide in favor of healing [71]. However, many believed that
an excessive host response could also be responsible for local tissue destruction and/or
disease. The experimental gingivitis model of Harald Löe and colleagues provided a close
examination of the chronological association of oral bacteria in supragingival plaque and
the coordinated dysregulation of the host response to accumulating bacteria [72] (Figure 2).
In the figure above, a dental student abstained from all oral hygiene for a 3-week period,
and both gingival and plaque indices were recorded at 7, 14, and 21 days after abstention.
In addition, after this 21-day period, the student brushed and flossed their teeth, and the
plaque and its resulting gingivitis returned to pre-abstention levels. The figure above
illustrates the dramatic changes resulting from abstinence from oral hygiene (Figure 2).

(B) Microbiology/A. actinomycetemcomitans and LAgP.

In an effort to abbreviate the long history of aggressive periodontitis in adolescents,
it is worth mentioning the significance of the original recognition of what was first called
periodontosis by Dr. Bernhard Gottlieb in Vienna in 1923 [10]. In the “modern era”, Dr.
Paul Baer (1971) presented a prescient, more detailed clinical description of this entity, then
called Localized Juvenile Periodontitis (LJP) [6]. His description depicted rapid bone loss in
younger individuals and was founded on a minimum of the following five clinical features:
(1) the age of onset, (2) a family history, (3) the lack of relationship between local factors
and deep pockets, (4) the rapid rate of progression, and (5) the effect on primary teeth. In
the over five decades since this publication, the name of this disease and the disease itself
have often been debated [1,3,73]. Unfortunately, since Baer’s descriptive and thorough
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paper, many twists and turns have resulted in great confusion that has and will continue to
seriously impede efforts to understand the microbiology, pathology, clinical definition, and
treatment of this silent (often painless symptomatology) and uncommon condition.

In 1976, Actinobacillus actinomycetemcomitans (Aa; now Aggregatibacter) was shown to
be associated with what was then called Localized Juvenile Periodontitis (LJP) [74,75]. This
discovery coincided with an effort to demonstrate that specific microbial entities were re-
sponsible for specific forms of periodontal disease and led to the birth of the Specific Plaque
Hypothesis (SPH) as its counter-part the Non-Specific Plaque Hypothesis (NSPH) [76,77].
Aa, a Gram-negative capnophilic microbe, was discovered in 1912 by Klinger [78] in a
disease called Actinomycosis (lumpy jaw disease). Interestingly, Aa was not presented
as the sole actor in this disease, and Aa was shown to have acted in concert with Acti-
nomyces israelii; hence, the species name “actinomycetemcomitans” or in common with
Actinomyces [78]. The SPH stimulated a significant body of research that explored specific
microbes and their relationship to specific clinically recognizable forms of disease [79].
They were significant hypotheses for their time and stimulated a voluminous literature
that examined the biological features of several microbes associated with both caries and
periodontitis [80–82]. This intellectually challenging approach added significant scientific
information to microbial features related to these diseases that were here-to-fore unex-
plored [83]. The understanding of dental diseases, as well as the biology and pathogenicity
of several microorganisms associated with distinct forms of dental disease studied, ben-
efited from these broad hypotheses. These microbes included but were not limited to
Streptococcus mutans and its relationship to caries [41], Actinobacillus (now Aggregatibacter)
actinomycetemcomitans and its relationship to LJP [74,75], Bacteroides melaninogenicus (now
Porphyromonas gingivalis) [81,84] and its relationship to adult periodontitis, and Actinomyces
viscosus and its relationship to root caries [85,86]. In retrospect, this appears to be a naïve
approach, but nevertheless, it stimulated a plethora of research that led to a better under-
standing of glucans and dextrans in the case of S. mutans [87], leukotoxin and cytolethal
distending toxin in the case of Aa [88], gingipains [89], hemolysins [90], and collagenases in
the case of P. gingivalis, etc. [91]. The choice between the SPH and the NSPH was replaced
by the Ecological Plaque Hypothesis [92], which, though modified over the years, has high-
lighted how dental diseases are influenced by ecological interactions and how ecological
interactions can influence and modify dental diseases.

(C) Bradford–Hill Guidelines for Determining Causation: Association of A. actinomycetem-
comitans in a Microbial Consortium with LAgP.

Of all dental diseases, LAgP is the closest to fulfilling the Bradford–Hill Guidelines
for the association of provocative agents and disease [93]. LAgP, if defined in the most
stringent manner, focusing on (1) adolescents with bone loss in the molar or incisor region
and (2) young individuals typically of African descent, satisfies six of the nine aspects of the
Bradford–Hill criteria. These associations are required to show (1) temporality, or exposure
to the agent prior to disease; (2) strength of association, or the level of association of the
microbe as determined statistically; (3) a biological gradient or dose-related response of
a biologically-active substance as related to tissue damage, thus, the higher the exposure,
the greater the disease; (4) consistency or reproducibility of critical experiments by others;
(5) plausibility of the association of the agent with its pathological consequences such as
tissue damage caused by the microbe; (6) alteration of the disease, or experimental evidence
that intervention alters the provoking agent (either the bacteria, bacterial complex, or
virulence agents) and the disease (See Table 2).

The associations presented in items 1 to 6 in the table below are based on a longitudinal
model designed to study the transition from health to disease and demonstrate that a
specified consortium of microbes, in addition to Aa, is required for the disease to occur (Aa is
necessary but not sufficient) [29]. It is possible that the consortia can be expanded to include
other microbes, but the original observation and the replication of the consortia by others
who conducted longitudinal studies in well-defined adolescent patients of African descent
have shown that Aa is a critical member in the disease process (see Table 2). We suggest that
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Aa is a social influencer that, despite its low level, has an outsized influence on microbial
community geography and behavioral interactions. The most likely rationale is that Aa
impairs local immune responsiveness by production of leukotoxin, cytolethal distending
toxin, and upregulation of complement resistance to allow for its survival as well as the
survival of less adaptable subgingival microbes. Models and clinical studies suggest that
the consortia consist of Aa and Filifactor alocis, among other subgingival microbes [29,94]. It
appears as if F. alocis invades the biofilm at the later stages of subgingival biofilm formation
but then provokes an aggressive and damaging host response by continuing to alter the
local immune responsiveness with the production of its own form of leukotoxin. It appears
as if both Aa and F. alocis relationships with disease could be strain related [95]. Other
studies have found somewhat different consortia associated with periodontitis in older
patients [96]. There is a great deal of evidence that points to bacteria as initiators of cell-
mediated tissue loss in periodontitis [80,81,97]. Linking this to typical environmental
factors of suspicion is still in its infancy. In contrast, studies of carious lesions are clearly
dependent on environmental factors, such as carbohydrate consumption, that stimulate the
growth and survival of acid-producing–acid-loving microbes [41,83]. It is still too early to
conclude, but highly likely, that nutritional elements derived from the host and bacterial
community co-inhabitants are important in microbial biogeography in LAgP, but these
factors require more in-depth study, another reason to maintain recognition of the condition
as a distinct clinical diagnosis.

Table 2. Causation of disease by microbial consortia assessed by Bradford–Hill criteria.

Hill Criteria Example
Feasibility

Yes/No?
Impact of Study and Reference

1. Temporal relationship Exposure to agent precedes
outcome Yes

Longitudinal; healthy controls; age approp
Aa; [98,99]

Longitudinal; health controls age approp
Aa + consort; [29,100]

2. Strength of
Association

Size of association
determined statistically Yes Show stats Aa; [98]

Show stats Aa + consort; [29,100]

3. Dose-Response ˆexposure > ˆresponse Yes Measure consort vs. Aa alone; [29,100]

4. Consistency Experiments
reproduced Yes Show consort X-sect; [101,102]

Show consort longitude; [29,100]

5. Plausibility
Assoc agrees with

pathobiological
explanations

Yes

Cdt has impact; [103]
Ltx has impact; [95]

Consortia passed from mother with disease to
Child: local debridement improves

inflammation, but consort remains; [104].
Consort metabolomics; [94]

6. Experimental
evidence

Disease altered
By intervention Yes

Tetracycline admin reduces disease; [105]
Tetracycline eliminates Aa and reduces

disease; [106]
Amox/Metra reduces disease, no antibiotic, no

improvement; [107]

7. Alternative
explanation Rule out other explanations ? Open

? Open [29,98,100]

8. Specificity Cause produces effect Yes
Flp and no disease; [108]

Ltx and more bone loss; [109]
Pga B is modified, and disease is reduced; [110]

9. Coherence Theory consistent with
Existing knowledge Yes

Ltx and infections; [111]
Cdt and infections; [112]

Metabolomics and consortia; [94]
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To support these associations in the Bradford–Hill guidelines, we required a minimum
of three independent longitudinal studies that test for categories 1 through 6. For positive
proof, at least two to three longitudinal studies were required to show a microbial consortia
or virulence complex that was implicated in the disease prior to detection of disease. Due
to the dearth of longitudinal studies performed using the appropriate populations, we
proposed that one of the three studies showing that the presence of Aa alone could, at this
moment, satisfy categories 1 through 6. Guidelines 7 to 9 were also assessed. Guideline
7 evaluates specificity and requires that the study demonstrates that a cause can produce
an effect. Guideline 8 evaluates experimental alteration, which requires demonstrating that
the disease can be altered by an intervention that reduces the overall damage response.
Guideline 9 discusses coherence, which requires that the theory presented is in keeping
with existing knowledge. Guidelines 7 to 9 have been limited to Aa and its effects because
studies with the consortia in these categories have not yet been reported. While newer
approaches to data integration have been used to expand the interpretation of the Bradford–
Hill guidelines, they remain an important way to associate infectious agents with the
etiology of disease.

5. Damage/Response Framework and LAgP

(A) Overview.

During the early period of microbiological studies, there was also an appropriate and
important emphasis placed on the host immunological response [113]. At this time, the dis-
ease process was thought of as a war between “bad” bacteria and the host’s responsiveness
to those bacteria [114]. Notable experiments and descriptions by Page and Schroeder [64],
work by Taubman et al. [115], Genco and Sanz [116], Taichman and colleagues [117,118],
and Lehner and colleagues [113] emphasized stages in the inflammatory process that high-
lighted the prominence of specific cells such as polymorphonuclear leukocytes (PMNs),
monocytes, macrophages, and plasma cells. The importance of each of these cell types in
the process of tissue damage was carefully described, and particular emphasis was placed
on plasma cells and their ability to destroy bone via osteoclastic activity. In parallel to this
work, hemolysins, collagenases, and a host of destructive microbial factors derived from B.
melaninogenicus, as well as a leukotoxin derived from Aa, were uncovered. The apparent
emphasis and conflicts between microbiologists and immunologists became perceptible in
many forms of infectious diseases [114]. More recently, periodontal research has shown
that shifting levels of cytokines and chemokines act as signaling molecules that encourage
cellular activity [68]. The emergence of the Damage/Response Framework shifted the em-
phasis away from a competition between microbes and the host to the intimate interaction
between the microbe and its host in relation to disease progression [51] (Figure 3).

The oral cavity provides an ideal place to study host/microbial interactions [119,120].
First and foremost, the oral cavity is the entry point for most external substances. Ma-
terial derived from the mouth is easily accessible for longitudinal analysis. Analysis
of the interaction of cellular and acellular material can be collected and normalized for
quantitative assessment. Oral collections can be performed painlessly, without aggres-
sive/invasive/destructive methodologies, and with little to no interference with bodily
function [119]. Finally, host influences, as well as external influences such as diet, radiation,
circadian rhythms, drug effects, stress, aging, trauma healing, etc., can be documented
in vivo [121,122].

The landmark experiments by Keyes and Löe provided the impetus for studies of
microbial colonization of teeth and oral soft tissue from birth to senescence, which proved
to be thorough and accurate and more easily studied than microbial colonization of the
gut lining [123]. While feces collection is a way of studying gut colonization, microbial
contact with gut epithelium can only be studied using invasive, colonoscopic methods [124].
The experimental model developed by Löe and colleagues has led to a more complete
understanding of biofilm formation, coaggregation, and host responsiveness to microbial
challenges [125]. Most recently, this model has been amplified to examine chemokine and
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cytokine levels over the time course of the 3-week non-brushing model [68]. Unfortunately,
many assumptions made about the host response to the immediate bacterial challenge
in this model have only recently been documented. It is quite conceivable that microbial
factors move through the subgingival epithelial barrier formed by the junctional and
sulcular epithelium and that local host inflammation plays an important role in microbial
dysbiosis [62,126].

Figure 3. Diagram of Damage/Response. The solid upper line represents a normal healthy host
response. At day zero an infection occurs driven by either a bacterial or viral challenge to the host.
Following the microbial challenge after some delay the disease develops and the host response occurs.
Disease resolves and the host response tapers to avoid furter tissue damage. The bolded straight
line on the bottom represents an inadequate host response. Here tissue damage continues until an
adequate host response occurs. Thus the bolded bottom line represents a muted host response and
continued tissue damage.

(B) Damage.

i. Up until the mid-1980s, diagnostic microbiology, immunization, and antibiotic
therapy have proven to provide a crucially important strategy used to control many
prevalent infections caused by identifiable microorganisms [127]. However, since infections
such as acquired immunodeficiency syndrome (AIDS), new insights into complex diseases
that result from host modification leading to lethal progression due to secondary well-
defined infections have taken center stage. These complex secondary infections required a
holistic approach to diagnosis, prevention, and treatment of disease, hence the evolution of
the damage/response framework [51].

Data acquired over the last 60 years of research in microbiology and immunology
suggest that LAgP, in several ways, shows similarity to a local form of AIDS [29]. This
realization contrasts with typical blood-borne mono-infections such as Syphilis (Treponema
pallidum), Diphtheria (Corynebacterium diphtheriae), or Anthrax (Bacillus anthracis) or any
blood-borne mono-infection that spreads disease-producing toxins [128]. In the localized
immunomodulated AIDS-type scenario (LAgP/type scenario), once the barrier effect at the
local site has been affected, bacteria from subgingival plaque weaken the local epithelial
barrier and can enter the connective tissue, alter it, and then invade the bloodstream and
translocate to distant sites [129,130].

In the context of this newly emerging concept of complex/host compromised/multi-
species/multi-layered infection, the oral cavity provides an ideal environment to study
diagnosis, initiation, and progression of diseases that involve multi-species microbial
interactions and that produce altered host responses that fail to control shifting microbial
challenges [119]. These sentiments are not meant to minimize post-infection host healing
efforts to repair damage caused by infectious insults. On the contrary, because of access
and exposure, the oral cavity can provide an ideal environment for studying disease
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initiation, metabolic processes, and disease progression in these complex multi-layered
infections [131].

ii. A. actinomycetemcomitans is a pathobiont that is opportunistic in its own regard, but
Aa also creates a perturbation of homeostasis by modulating PMNs, macrophages, lym-
phocytes, and other local immune functions [9,132–134]. Periodontitis, particularly LAgP,
can be described as a disease that forms an acquired immunomodulated host response at
the local level [135]. Aa and other microbes can be associated with disease susceptibility
created by an imbalance between a dysbiotic microbiome, resulting in a perturbed host
homeostasis [79]. The damage process can be further altered by subsets of other patho-
bionts, such as P. gingivalis [37] and F. alocis [136], such that exacerbated local damage
can occur as a result of the overwhelming challenge due to the overgrowth of otherwise
commensal/opportunistic microbes (F. nucleatum, S. parasanguinis) [29,94]. Overgrowth of
these specific pathobionts and commensals in an otherwise compromised local immune
response can now diminish the reparative capacity at the local site and enhance the result-
ing tissue damage [137]. The damage can remain localized, but in certain cases, an altered
barrier can result in the movement of pathobionts and/or commensals to sites distant
from the oral cavity [138]. Several experiments have replicated the early work of Okell
and Elliott [129] showing transient bacteremias emanating from oral procedures can move
many oral microbes to distant sites through the bloodstream [130,139]. Mechanical dental
procedures such as scaling and root planning, as well as flossing, brushing, and eating an
apple, can also induce transient bacteremias [140,141].

(C) Response.

i. Host: What we lack in this area of study is sufficient time course experiments that
document host cellular changes that evolve from health to early, middle, and later stages of
periodontal disease development [64]. Studies of these events have occurred more directly
in experiments on endodontic lesions [142]. While different in some respects, oral biologists
should be encouraged to examine the similarities and differences in periodontal and en-
dodontic lesions. Just as the experimental gingivitis model enlightened our understanding
of time-related events associated with microbial development in both the supragingival
and subgingival environment, we still need to decipher the passage of substances from the
“pocket” to and through the epithelial basement membrane to challenge the immediate
area below the barrier membrane. It has taken 60 years from the inception of this classical
gingivitis model to document interbacterial signaling distances and bacterial by-product
host–cell interactions. However, we have now come to a time when technological advances
have caught up to our theoretical understandings. We are now on the threshold of the
merging of ideas and technological advances. DNA techniques [143], bar-coding [144],
and CLASI_FISH [145] technologies now provide us with the tools required to study sub-
gingival bacterial biogeography and cellular phenotypic responsiveness in a time-related
manner [146]. In this quest for a more complete understanding of microbial–host interac-
tions, we, as oral biologists, can now study these events in a sequential manner with easy
access to microbial- and host-induced inflammatory response elements [39].

To re-iterate, early plaque development and initiation of gingivitis provided a straight-
forward path. Plaque could be collected easily, for example, from a tooth surrogate, which,
when placed in the mouth, could serve as an aseptic surface for microbial associations over
time [147–149]. Microbiological, immunological, and DNA technologies are now being
used to catalog biogeography. A tooth analog can be placed at or just below the gum line to
document the transition from supra to subgingival biofilm formation [150]. Documentation
of subgingival plaque and the host response to supragingival plaque is more difficult.
Early efforts to use mylar strips, cemental strips, and polyvinyl strips have yielded useful
but incomplete information [147,148]. There have been several reports that have tried to
document the complexity of subgingival plaque, but since this is the focal point for the
spread of commensal oral microbes throughout the body, more must be done.

ii. Clinical Measurements as Determinants of Treatment Failure or Success. In the
overall scheme of things, we have determined through both clinical observations and
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scientific testing that microbial plaque leads to gingival inflammation, which leads to tissue
destruction, barrier alterations, pocketing, attachment loss, and then bone loss [151]. While
this sequence of events has been observed in humans and replicated in animals, the timing
of these events and their route of progression can be influenced and altered by a shifting
microbiota as well as host responsiveness [63]. In the presence of sophisticated biological
methodologies, our clinical measurement methods have remained stagnant and reliant on
a periodontal probe and an X-ray.

It is hard to imagine that periodontitis is not due to a dysbiotic microbiome, which
results in a disease defined by tissue destruction and weakened tooth support [151]. In
most, if not all, diseases, successful treatment is typically measured by repair of altered
tissue and/or alternatively in reduced recurrence or relapse of disease [30]. In most cases,
treatment of periodontitis has relied on tissue repair as demonstrated by pocket depth
reduction or attachment level gain [31]. However, in recent years, many studies have
shown that oral microbes can travel through the bloodstream, and these oral bacteria
can exacerbate systemic diseases at distant sites, such as colorectal cancer, heart disease,
etc. [152]. In these cases, it might be prudent to look at treatment success in an alternative
manner, such as the prevention of disease progression, recurrence, or relapse, as a way of
reducing initiation of diseases at distant sites.

6. Distinct Characteristics of LAgP and an Alternative Approach for Assessing
Treatment Success

(A) Distinct Characteristics of LAgP: An Illustrative Case.

This case is presented to illustrate the distinctive nature of aggressive periodontal bone
loss in a 20-year-old patient who reported to our clinic (RSDM) with extensive periodontal
disease. After obtaining consent (IRB:PRO#012008035; year = 2009), we collected subgingi-
val plaque, saliva, and buccal cells for analysis. The subgingival sample taken from various
healthy and diseased sites had the “b” serotype of Aa with the JP2 promoter region. The
patient had only one strain of Aa in his subgingival microbiome isolated from both healthy
and diseased sites, with substantially more Aa isolated from diseased sites. We tested the
Aa isolates for antibiotic sensitivity and for the presence of the hbpA-1, hpbA-2, and tbp-A
pseudogenes using primers reported by Haubek et al. [153]. Saliva was assessed for salivary
anti-S. mutans activity and buccal cells were used for the detection of the lactoferrin (LF)
single nucleotide polymorphism associated with anti-S. mutans activity [154]. Our primary
goal was to use our laboratory data to provide information about Aa antibiotic sensitivity,
which could act as a supplement to treatment aimed at resolving this progressive disease
in this young patient. The focus on Aa was pragmatic because our previous data had
suggested that Aa was necessary but subsequently proved to be insufficient on its own to
cause disease [29]; conversely, assessment of the complete consortia was impractical at that
time. However, several of our other laboratory assessments proved useful.

While we recovered Aa from the diseased site, we cannot attribute disease to the
presence of Aa. Microbial causation can only be implied if the bacterium preceded disease
at the site of disease initiation [41]. Therefore, in this case, linking Aa to disease initiation
and development can only be seen as speculative. Second, based on the complex patient
history, it is reasonable to conclude that confounding social, psychological, and ecological
modifiers could have contributed to a diminished host response, factors that could clearly
be implicated in disease progression [42]. Based on antibiotic sensitivity testing, we ruled
out the use of penicillin derivatives due to Aa insensitivity, which was a clinically useful
finding. Furthermore, the age of the patient, the tooth loss attributed to periodontal disease,
and the extent of bone loss indicated an aggressive nature of localized disease in this patient
(Figure 4). We posit, based on tooth location and the patient’s history, that the loss of two
mandibular incisors was due to extensive periodontal disease (Figure 4). This conclusion
appears to be a realistic appraisal of tooth loss as a consequence of (1) the dramatic level of
bone loss in the existing molars and (2) the complete lack of caries in this subject’s mouth
(and the fact that the mandibular incisors lost are not typically vulnerable to caries) [155].
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Testing for salivary anti-S. mutans activity gave an incomplete picture since several other
oral microorganisms can also be related to caries [156]. The fact that anti-LF antibodies had
no effect on S. mutans suggests that factors other than LF were responsible for the anti-S.
mutans activity. This finding agrees with our previous data, where 20–30% of subjects tested
showed factors independent of LF that also killed S. mutans [154]. The level of bone loss
and lack of proximal decay reflects a pattern seen in many cases of LAgP [157,158]. Finally,
point mutations in the hpbA-1 and tnp-B pseudogenes suggested that the patient was of
West African descent [153].

 

Figure 4. Radiographs of a patient with significant pocket depth and bone loss. Shows loss of two
mandibular incisors and extensive bone loss in the first molar region,. Note the lack of carious lesions
on radiographs throughout the dentition.

In summary, the clinical presentation, coupled with the presence of minimal plaque,
the absence of proximal decay, severe periodontal disease, and the presence of Aa, all present
a strong argument that LAgP is a disease uniquely distinguishable from periodontitis that
occurs in adults (Figure 5).

 
(A) (B) 

Figure 5. Panoramic radiographs of cases of aggressive periodontitis in adolescents. Panel (A) shows
a panoramic view of excessive bone loss in the first molars and no carious lesions. Panel (B) shows
more extensive disease in an adolescent with bone loss around the molars and missing molars and
incisors with occlusal, but proximal decay is related to a blow-out occlusal lesion in the mandibular
right second molar.
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(B) Another way of Assessing Periodontitis Treatment Success.

Many of our field’s most revered longitudinal studies have relied on averaging pocket
depth reduction or attachment level gain resulting from a specific treatment. Oftentimes,
data are presented as a reduction of probing pocket depth or attachment gain over a
3-month to 1-year period after completion of treatment [31]. These measurements are
usually averaged over 28 teeth, each tooth having six measured surfaces, thus yielding up
to a total of 168 probable or measurable sites per mouth. To illustrate the issues related
to averaging an overall dental response, we compared Cases A and B. Case A represents
a patient that has two probable pockets, with each site having a 10 mm probing pocket
depth on initial examination. Thus, we start with two 10 mm pockets on the distomesial
and lingual–mesial surfaces of the left and right mandibular first molar or a total of 40 mm
of pocketing at four diseased sites (4 × 10 = 40). The remaining 164 probable sites have
pockets of 3 mm. Cumulatively, these sites have a total of 492 mm (164 sites × 3 mm
pockets per site = 492 mm of total probing depth). Overall, the patient presents with a total
of 532 mm of pocketing in 168 probable sites (492 + 40 = 532 mm) over the whole mouth or
an average of 3.17 mm of pocketing per site. After treatment, consisting of deep scaling
and root planning, the four 10 mm pockets were reduced to 8 mm (now a total of 32 mm),
while the remaining 164 sites remain at 3 mm (164 × 3 = 492). After treatment, the total
pocketing in the mouth is 492 mm + 32 mm = 524 mm. In this scenario, the average pocket
depth is 524/168 = 3.12 mm per site, a reduction of only 0.05 mm (3.17 mm to 3.12 mm). In
case B pockets are reduced from 10 mm to 2 mm and thus pocket depth scores go from 3.17
to 2.97 (492 + 2 mm × 4 = 8 mm or a total of 500 mm; 500/168 = 2.97 mm). Thus in Case B
a reduction of 20 mm is seen as compared to one of 0.05 mm. There has been some effort
recently to focus on the categorization of changes in pocket depth reduction or attachment
level gain in sites of low to moderate to high risk, but this has not been fully conceptualized
or actuated [159].

When disease returns at specific sites, it is almost always associated with a dysbi-
otic microbiome [82,86]. Therefore, in contrast to measuring pocket depth reduction or
attachment gain that we are accustomed to doing, a disease re-occurrence reduction or
relapse to infection model is proposed. This can be applied independently or combined
with standard measurements of improvement at the disease-affected sites. In this relapse
model, we question how treatment has reduced the risk of re-occurrence of the disease.
This disease re-occurrence reduction model implies that a goal of treatment is to enhance
the local tissue barrier effect, such that the spreading of the infective oral bacteria from the
site below the gum line to areas distant from the oral cavity is another goal of treatment.
For example, in Case A, re-infection and return of deeply infected sites might likely occur
4 weeks post-treatment intervention, whereas in Case B, it might take 2 years or more
for re-infection and reemergence of large pocket depths to re-occur. This pocket depth
comparison presents an example of how oversight of re-infection in the oral dentition could
provide a superior environment for patient overall health. The re-infection model takes
into account the fact that while in our dental plaque model, we establish “good guys”
and “bad guys” in a supra or subgingival plaque environment, we are fully aware of the
fact that some of the so-called “good guys” become “bad guys” when they move past the
local epithelial barrier and through the bloodstream such that they can then colonize heart
valves, colon cells, lung or brain tissue [160]. Our proposed model moves away from the
concept that infection and disease are a war between bacteria and the host and moves
toward the concept that disease is the result of a damage/response ratio. The overall result
appears to be dependent on coping mechanisms by the immune system that are designed
to successfully reduce the consequences and spread of microbial/viral/fungal interactions
from the local site to sites distant from their origin [161].
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7. Conclusions: Future Challenges/Recommendations for the Clinical and
Research Community

Consensus meetings in medicine and dentistry usually gather experts in the field
with the goal of reviewing the current literature to define disease diagnoses and the most
effective treatments [162]. The meetings are intended to generate a report that will be
presented to the world of clinical scientists and practitioners with guidelines based on
careful evaluation of information currently available. The resulting conclusions can have a
profound influence on preventive, diagnostic, and treatment strategies for years into the
future. The rules and regulations concerned with the conduct and presentation of material
derived from consensus conferences vary widely and sometimes appear to be determined
in a haphazard manner [162–164]. As such, the WWC organizers’ re-classification of
periodontitis case definitions is confounded by the use of overlapping and inaccurate
clinical definitions that, in the case of LAgP, disregarded key clinical features that set it
apart from other forms of periodontitis [21]. The decision to eliminate LAgP as a distinct
form of periodontitis may have been partly because the population most often affected is
not seen in some regions of the world.

While there is a great deal of inconsistency in the rules and regulations of consensus
conferences, there are several examples that set standards for good practice. One example
of a well-performed consensus conference required a vote of 70–80% or higher agreement
by the experts involved to reach what could be labeled as a consensus [162–164]. Even with
the 80% rule, consensus conference participants in the minority were required to publish
the basis for their dissenting point of view so that readers could have a clear understanding
as to how decisions were made, what the opposing views were, and the future directions
projected [165]. This process should be used in the next WWCC.

To avoid problems that occurred in the most recent WWCC, it is recommended that
future Consensus Conferences include the following characteristics: (1) A criteria statement
made at the outset of the conference requiring that each foundational paper meet specific
standards (e.g., use of the Delphi process, use of longitudinal data, clear case definitions, etc.);
(2) a statement clearly articulating the percentage of participants that are required to agree
with recommendations made by Conference attendees in order for the recommendation to be
considered a consensus opinion (i.e., 70–80% agreement); (3) the presentation of dissenting
points of view with explanations for such views so that readers of the report can gain an
insight into the views of all participants; and (4) a concluding statement which should present
realistic suggestions designed to improve case definitions in the future [165].

Finally, based on the data and examples presented in this review, we suggest that
re-instating LAgP as a distinct disease entity should be carefully reconsidered. This would
not in any manner replace Staging and Grading. However, for the reasons reviewed in
this paper, the WWCC system should carefully consider making a distinction between this
unique disease and the generally accepted adult form of periodontitis for the betterment
of both research and clinical practice. In addition, as a result of the localized nature
of this disease, we propose an expansion of treatment goals to include the reduction of
re-emergence of new cycles of infection to serve as a supplementary way of assessing
treatment success. This point speaks to the concern that re-infection of the local site may
lead to the passage of either oral commensals or pathobionts from the local periodontal site
to sites distant from the oral cavity. Therefore, the goals of treatment for periodontitis or
any other dental infection are both to support local healing and repair coupled with the
goal of reducing translocation of oral microbes throughout the body to limit the scope and
extent of damage contributing to diseases occurring at sites distant from the oral cavity.

In an effort to engage our academic and clinical community in the process aimed
at expanding the classification and therapeutic approaches as they relate to LAgP, we
propose the following questions: Will the material we have presented in this review lead to
a renewed enthusiasm for the reinstatement of LAgP as a distinct disease entity? (2) Will
our community adopt the proposed addition of reduction in relapse of infection as an
additional measure of treatment success in unique disease categories? For example, will the
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use of specifically targeted antibiotics typically used to reverse pocket depth and improve
the gain of attachment also delay the time to relapse of infection and, as such, be considered
as an additional measure of treatment success? (3) If this expanded assessment of treatment
success is adopted, will this limit the potential for local dental infections to exacerbate
systemic disease at sites distant from the oral cavity? The goal of this review has been to
raise questions that can expand the horizons of dental research, diagnosis, and treatment
so that clinicians and researchers can more effectively study how dental infections can be
assessed and controlled for the benefit of the overall health and well-being of our patients.
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Abstract: Grade C molar-incisor pattern periodontitis (C-MIP) is a disease that affects specific teeth
with an early onset and aggressive progression. It occurs in systemically healthy patients, mostly
African descendants, at an early age, with familial involvement, minimal biofilm accumulation,
and minor inflammation. Severe and rapidly progressive bone loss is observed around the first
molars and incisors. This clinical condition has been usually diagnosed in children and young adults
with permanent dentition under 30 years of age. However, this disease can also affect the primary
dentition, which is not as frequently discussed in the literature. Radiographic records have shown
that most patients diagnosed in the permanent dentition already presented disease signs in the
primary dentition. A hyperresponsive immunological profile is observed in local (gingival crevicular
fluid-GCF) and systemic environments. Siblings have also displayed a heightened inflammatory
profile even without clinical signs of disease. A. actinomycetemcomitans has been classified as a key
pathogen in C-MIP in both dentitions. Scaling and root planning associated with systemic antibiotics
is the current gold standard to treat C-MIP, leading to GCF biomarker reduction, some systemic
inflammatory response modulation and microbiome profile changes to a healthy-site profile. Further
studies should focus on other possible disease-contributing risk factors.

Keywords: periodontitis; aggressive; immunological factors; microbiota; genetics

1. Clinical Overview

Periodontitis is a biofilm-dependent condition characterized by a shift in the resident
microbiota, leading to increased host response to its challenge [1]. As a result of this dys-
biosis and host immunological profile, destruction of the tooth-supporting apparatus [2]
can clinically be detected in different progression and severity patterns. According to
the 1999 classification of periodontal diseases and conditions [3], Localized Aggressive
Periodontitis (LAP) was characterized to occur in systemically healthy patients at an early
age with familial involvement, minimal biofilm accumulation, and low gingival margin
inflammation, severe bone loss along with rapid clinical attachment loss (CAL) progression,
specifically in first molars and incisors. According to the new periodontitis classification
based on stages and grades, LAP was then named Grade C molar-incisor pattern periodon-
titis (C-MIP) [4]. Epidemiological data have provided evidence that early onset aggressive
periodontal condition oscillates in different populations, where higher prevalences can be
observed in African descendants (up to 6% of prevalence) and the lowest in Caucasians
(less than 1%) [5,6]. Along with the African continent, South America comprises a preva-
lence of 0.3–5% of the disease [5,7] which may be correlated to locations with a mixed-race
population. This pattern suggests a specific geographic distribution of the disease. This
clinical condition has been frequently diagnosed in older children and young adults in
permanent dentition under 30–35 years of age [6,8]. However, it is important to highlight
that primary dentition can also be affected by Grade C Periodontitis [9–12]. The lack
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of periodontal assessment in pediatric dental examination may overlook this disease’s
initial development, jeopardizing the actual timing of onset, and may contribute to the
development of the disease in the permanent dentition, as suggested before [13–16]. In
general, Grade C periodontitis in primary dentition can mostly be detected in primary
molars and may be diagnosed late at severe stages or by early exfoliation due to dispro-
portional bone loss occurring around these teeth in relation to the rate of physiological
apical root resorption [10,16]. In addition, external and internal root resorptions in primary
dentition are conditions that have also been reported in this disease [10,16] (Figure 1A).
Early diagnosis in primary dentition displays a pivotal role in treatment success, along with
strict periodontal maintenance follow-up to prevent the development of the disease in the
permanent dentition (Figure 1B) [9,15–17]. Gender influence in LAP/C-MIP prevalence has
been studied; however, inconsistent evidence has been reported [18]. Literature has shown
similar [19] or higher [20] disease prevalence in females. However, due to some differences
found in the inflammatory response in this disease between sexes [18], sex hormones may
be the key to a better understanding of how gender may impact this disease (see further
discussion below regarding host response).

Figure 1. Clinical Case: 8-year-old African American female diagnosed with C-MIP in primary
dentition. Patient smiles with low gingival margin inflammation; however, probing depth > 5 mm
in the first molar. In the X-ray, severe bone loss in the lower first primary molars (orange arrow
and circle) along with internal and external resorption of the lower left primary first molar in the
primary dentition (orange arrow) (A). Permanent dentition in healthy conditions following therapy
(SRP+ABX) in the primary dentition (B). (Source of the image [10]).

2. Immunological Aspects

Local inflammation. Focusing on host immunological response complexity to a low
biofilm aggregation, Branco-de-Almeida et al. [21] and Shaddox et al. [22] reported high
levels of IL-12p40, GMCSF, TNF-α, IL-6, IL-12p70, IL-2, INFγ, IL1β, and MIP-1α gingival
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crevicular fluid (GCF) of LAP patients diseased sites when compared to health sites from
the same patients [22] and/or health siblings and healthy unrelated controls [21,22] Inter-
estingly, a significant differential profile of these markers was observed among these sites,
where most differences fall between diseased and healthy sites, however, the healthy sites
from healthy individuals tended to cluster more closely together (Figure 2). For instance,
higher GCF concentrations of Eotaxin, GM-CSF, IL-10, IL-12p70, and IL-2 were observed in
health sites from LAP patients when compared to their health siblings [21]. Additionally,
healthy siblings of LAP subjects displayed an increase in IFN-γ and OPG without any
clinical evidence of disease [21]. Interestingly, Martins et al. [23] showed similarity of
some biomarker’s expression (IL1β, ICAM-1, and GMCSF) either in C-MIP or generalized
aggressive forms of periodontitis (GAgP; CAL > 4 mm affecting at least three permanent
teeth other than the first molars and incisors), at baseline to health controls. A current
systematic review and meta-analysis [24] confirm that most of the cited biomarkers above
were highly expressed in the GCF of C-MIP patients; however, the literature still needs
more evidence to use this approach as a diagnosis tool. Some of these biomarkers have a
pivotal role in stimulating cells’ environment towards osteoclastic activity and sustaining
proinflammatory profile by chemotaxis. Thus, these differentiated local levels of inflamma-
tory markers may contribute to local microbial dysbiosis and possible site breakdown in
these individuals (see microbial discussion below).

Figure 2. Discriminatory gingival crevicular fluid (GCF) in localized aggressive periodontitis (LAP)
subjects, their healthy siblings (HS), and unrelated healthy controls (HC) displaying four different
group centroids (1−4). The separation between LAP diseased sites (LAP−D) and LAP healthy sites
(LAP−H) is clearly observed in the graphic along with a closely related profile (although statistically
different) for HS sites and HC sites by a biomarker group of IL−12p−40, IL−6, IL−12p70, IL−2, and
MIP−1α (Wilks’s lambda < 0.001 in canonical functions 1 and 2). * Significant biomarker in function
1. † Significant biomarker in function 2. (Source of the image [21]).

Systemic inflammation. Peripheral blood from C-MIP stimulated either with LPS or
biofilm from healthy and diseased sites has shown a hyperinflammatory responsiveness
profile with increased levels of G-CSF, IFNγ, IL-10, IL12(p40), IL1β, IL-6, IL-8, MCP-1,
MIP-1α, and TNFα when compared healthy control patients [25,26]. Interestingly, the
similar response, regardless of the specific biofilm used for stimulation, highlights the role
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of host response in this unique disease. Tabaa et al. [27] have shown a similar pattern of
proinflammatory response (IL-6, IL-8, IL-10, MIP1α, MCP1, and IL-1β) among affected
siblings after peripheral blood LPS stimulation (Figure 3). Similarly, both E. coli and P. gin-
givalis LPS-stimulated peripheral blood from healthy siblings of LAP subjects has shown a
tendency of hyperresponsiveness with IL2, IL12p40, TNFα, IFNγ, and IL6 elevated levels
compared to unrelated health controls [25]. In fact, healthy siblings of LAP individuals
tend to show a high peripheral response to diseased biofilms, showing increased levels of
IL-6 and INFγ. In fact, even in response to healthy biofilm stimulation, this group had a
higher concentration of INFγ compared to unrelated healthy patients [26]. This evidence
collectively can point to two reasonable hypotheses. First, there seems to be a familial
aggregation associated with this hyper-inflammatory response to bacterial stimuli in fam-
ilies with this disease [27]. Second, it can be hypothesized that inflammatory response
could potentially precede or exacerbate bacterial dysbiosis in susceptible individuals in
this clinical condition since both healthy and pathogenic biofilms have been shown to elicit
a hyper-inflammatory host response in these individuals [26]. In addition, healthy sites in
diseased patients display biomarkers featuring a differentiated and proinflammatory local
profile [26].

Figure 3. Significant correlations of host response to bacterial lipopolysaccharides within and among
families with C-MIP. * Overall covariance p-value among families; ** Within families intraclass
correlation coefficient followed by within family p-value in parenthesis. (Source of the image [27]).
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The first line of defense in individuals who suffer from an aggressive form of periodon-
titis can be compromised due to either neutrophil hyperactivity [28] or dysfunction [29,30].
Van Dyke et al. [29] showed a deficiency in neutrophil chemotaxis in 26 out of 32 patients di-
agnosed with C-MIP/LAP compared to age and sex-matched healthy controls. This pattern
remains even in those whose disease has already been treated. According to the same study,
7 out of 10 patients displayed neutrophil chemotaxis deficiency after 6 months to 2 years
post-therapy [29]. Thus, it seems that a genetic determination may be associated with this
neutrophil role. Van Dyke et al. [30] have shown neutrophil dysfunction in 90% of healthy
siblings under 12 years old featuring a familial aggregation. This deficiency can be con-
sidered a predictor of aggressive forms of periodontitis since some of the healthy siblings
detected with neutrophils at the beginning of the mentioned studies developed the disease
during the study [30]. Focusing on humoral response, high levels of immunoglobulin G2
(IgG2 antibody) have also been observed in LAP patients [31]. Studies are controversial
if this immunological response is specific to A. actinomycetemcomitans [32,33]; however, a
racial influence was observed in this immunoglobulin levels [34], where higher concentra-
tions of IgG2 serum was observed in African American descendants diagnosed with LAP
when compared to Caucasians [34].

Gender and host response. Although the literature is still controversial about gender
influence in C-MIP, local and systemic inflammatory biomarkers are differently expressed
in males and females. Tavakoli et al. [18] reported increased GCF levels of TNFα, IFNγ,
MCP1, and MIP-1α in diseased sites of males. Interestingly, healthy sites in male patients
diagnosed with LAP/C-MIP also presented high levels of IFNγ and a tendency to higher
G-CSF levels as well. On the other hand, peripheral blood from C-MIP females stimulated
with P. gingivalis e E. coli LPS showed an increase in systemic biomarkers, such as Eotaxin,
IFNγ, and GM-CSF, compared to C-MIP males [18]. Considering the age range of disease
initiation in the permanent dentition, sex hormones may indeed have an impact on both the
local and systemic inflammatory response. In fact, high testosterone levels in males have
been correlated to periodontitis prevalence and severity [35], while estrogen reduction in a
woman’s lifetime may increase the risk of periodontal issues due to its protective role [36].
However, based on the results above regarding systemic responses, it can be inferred
that females diagnosed with C-MIP have a hyperresponsive tendency to biofilm challenge
(LPS), which may impact faster periodontal apparatus loss [18]. Thus, hormonal imbalances
during puberty in both males and females and their impact on C-MIP predisposition or
initiation certainly warrant further investigation.

Genetic influence on host response. Genetic aspects could also have an impact on the
host inflammatory response [37–39]. Toll-like receptors (TLR), e.g., TLR-2 and TLR-4, have
been associated with LAP/C-MIP hyper-inflammatory response [25]. This transmembrane
glycoprotein pathway has shown more than a two-fold-increase in specific gene expression
correlated to inflammation, such as TICAM-1 (TRIF), FOS, IRAK1, TLR2, and CCL2 in
LAP/C-MIP patients compared to healthy unrelated controls [40]. IRAK1 displayed a
significantly increased expression in these subjects, which may be explained by IL-1β
increase in these patients [41]. Epigenetic regulation plays an important role in host
immunological response via the TLR pathway. According to Shaddox et al. [42], up- (e.g.,
MYD88, MAP3K7, RIPK2, IL6R) and downregulation (e.g., FADD, PPARA, IRAK1BP1)
of several genes can be explained by DNA methylation in specific sites. For example,
methylation in FADD position 5 was positively correlated with LPS-stimulated levels of
IL-6 and TNF-α systemically. Conversely, MYD88 methylation in position 4 presented a
negative correlation with IL-10, IP-10, and MCP-1 [42].

Several gene single nucleotide polymorphisms (SNP) can influence immunological
patterns and susceptibility in aggressive forms of periodontitis. IL-1α (rs1800587) and
IL-1-β (rs1143634) polymorphisms have been correlated to generalized aggressive peri-
odontitis [43]. SNP in the Lactoferrin gene, the iron-binding protein with antimicrobial
activity related to host first-line defense (G-allele), was detected in young African Ameri-
cans [44] and Taiwanese [45] diagnosed with aggressive forms of periodontitis. Similarly,
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cathepsin C SNP (rs3888798), a cysteine protease involved in neutrophil maturation and its
activity in immune response, was also associated with this disease, along with lower PMN
function, enhancing the risk of aggressive periodontitis development [46]. Several reviews
of the literature evaluating the role of genetics in aggressive periodontitis have been pub-
lished [37,47–51]. Given the several genes potentially associated with the disease and its
inflammatory pathways, it is likely that several genetic polymorphisms are associated with
susceptibility to this disease. There is also some evidence that indicates a possible genetic
predisposition to specific microbial colonization [52,53]. Thus, comprehensive genomic
studies with a high number of diseased individuals from different populations need to be
conducted to clarify specific genes and their role in this disease.

Finally, some studies have investigated the roles of small RNAs, known as microRNAs,
or miRNAs, in periodontitis [40,54,55] and other inflammatory diseases [56]. In our cohort
of LAP individuals, several miRNAs, including miR-9-5p, 155-5p, and 147a, all presented
elevated expression (2-fold up-regulated) in our LAP/C-MIP cohort [40]. Interestingly,
increased miR-9-5p levels were previously found in inflamed gingival tissue from patients
diagnosed with periodontitis [54] and also in neutrophils and monocytes post-TLR2-4
activation [57], and both miR155-5 and 147a have also been found elevated post-LPS stimu-
lation, promoting further inflammatory cascade [58–60]. There seems to be an important
role for miRNA regulation in TLR responsiveness in this disease, which deserves to be
further explored by comprehensive next-generation sequencing approaches at different
disease stages.

3. Microbiological Aspects

Literature has shown a microbial profile associated with localized early-onset peri-
odontitis [61–65]. Microorganisms such as A. actinomycetemcomitans, T. lecithinolyticum,
and T. forsythia have been strongly associated with this condition [62,64]. Moreover, stud-
ies have shown that P. gingivalis, P. intermedia, T. denticola, C. gracilis, E. nodatum, and F.
nucleatum are highly correlated with active disease and its prevalence [63,66]. A. actino-
mycetemcomitans has been classified as a key pathogen in young adults diagnosed with
LAP/C-MIP [63–69] and even with sites with progressive bone loss [70,71]. This microor-
ganism has different mechanisms of action including direct and indirect ways of influence
in host response [72–74]. Seven serotypes can be linked with this species (a–g) based on
membrane polysaccharides surface. A particular JP2 Genotype from serotype “b” has
been highly associated with a severe form of periodontal disease [12,75,76] and in sites
with progressive bone loss as well [76,77]. In the beginning, this species was identified
in subjects from North and West Africa. Due to the transatlantic slave trade, new colo-
nization was spread out in North and South America [75], which could explain the higher
prevalence of this disease in African descendants in both these regions. In fact, JP2 clone
has been reported in aggressive periodontitis in both North [78] and South American
populations [67]. One of the main virulence factors from this genotype/serotype “b” is
the expressive release of leukotoxin (LtxA), intensifying leukotoxic and cell death in high
doses [79]. Not only does LtxA depreciate leukocyte activity, but it also increases lysosomal
release in macrophages reducing its phagocytic profile [80].

Tissue invasion is a well-known propriety from A. actinomycetemcomitans, and it has
already been identified in periodontal tissues from young adults [81], even at a very
young age [82]. Several virulence factors in relation to this action have been described
in in vitro and in vivo analysis [83]. Outer membrane protein 100 (Omp100) present in A.
actinomycetemcomitans membrane surface composition has the capacity to bind in human
epithelial cells [84]. After its adhesion, other Omp protein class groups act specifically in
tissue invasion. Omp29 allows microorganism diffusion into epithelial cells, enhancing
permeability due to F-actin rearrangement via FAK signaling cascade [85]. In the same way,
cytolethal distending toxin (CDT) produced by this bacterium has the capacity to impact
the cell cycle, leading to epithelial layer organization disruption due to the dissolution of
cell junctions (e.g., cadherin) [86]. This scenario results in soft tissue collapse, allowing
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microorganisms and their toxins to make intimate contact with the connective tissue
below [86].

Early A. actinomycetemcomitans acquisition can be correlated with C-MIP in primary
and mixed dentition [64,71,75,87]. A longitudinal study reported that individuals con-
taining A. actinomycetemcomitans, S. parasanguinis, and F. alocis are more prone to develop
LAP/C-MIP disease [71]. In fact, a higher risk for bone loss was observed when the three
microorganisms coexisted [71]. Jensen et al. have shown that healthy Moroccan toddlers
between 7–10 years presented a higher CAL in mixed dentition when the JP2 genotype of
A. actinomycetemcomitans was detected in their biofilm at incisor and molars [12]. Indeed,
studies have reported a higher risk of bone loss when either non- or JP2 genotype is part of
their microbiota in advance [76,77]. Aberg et al. [77] evaluated a 2-year progression of CAL
based on the presence of JP2 and non-JP2 genotypes of A. actinomycetemcomitans in 500 ado-
lescents (from 10 to 19 years of age). After the longitudinal follow-up, it was possible to
predict a higher progression of CAL ≥ 3 mm when JP2 (OR = 14.3) and non-JP2 genotypes
(OR = 3.4) were detected in subgingival biofilm. Moreover, an increasing risk of disease
development followed by CAL ≥ 3 mm (RR = 7.3) was detected in healthy individuals at
baseline with JP2 identification in subgingival biofilm. This evidence emphasizes the role
of specific microorganisms in aggressive forms of periodontitis [77].

One of the possible explanations for this precocious colonization is family aggregation.
Monteiro et al. [88] have reported a vertical pathogenic microbiome transmission between
parents diagnosed with grade C periodontitis and their progeny. In fact, offspring’ sub-
gingival biofilm from parents diagnosed with periodontal disease has shown exclusive
microorganisms such as Filifactor alocis, Porphyromonas gingivalis, Streptococcus parasanguinis,
Fusobacterium nucleatum subsp. nucleatum when compared to progeny from parents who do
not suffer from grade C periodontitis. Moreover, even after biofilm maintenance, several
periodontopathogenic species remain stable and in higher abundance in offspring from
periodontal diagnosed families, including A. actinomycetemcomitans, P. gingivalis, T. denticola,
and T. forsythia [88].

Microbiome profiles in diagnosed C-MIP subjects can distinguish between primary
and permanent dentition. According to a recent study (Koo et al. [89]), a partial overlap
was observed between the two types of dentitions in disease conditions with the detection
of distinguished microorganisms in primary and permanent affected sites (Figure 4). Cap-
nocytophaga ochracea, Leptotrichia buccalis, goodfellowii, and Sneathia sanguinegens were found
more frequently in primary teeth-affected sites when compared to the permanent ones. On
the other hand, Filifactor alocis, Tannerella forsythia, and Synergistetes sp were elevated at
C-MIP permanent sites, whereas A. actinomycetemcomitans, Campylobacter, Fusobacterium
nucleatum, and Gemella morbillorum were identified in both primary and permanent affected
sites characterizing the overlapping between them. In fact, A. actinomycetemcomitans was
highly abundant in both affected dentitions (85% and 71%, respectively), corroborating
its important role in this disease, both in primary and permanent dentitions. It seems
that a more mature microbiome is developed in permanent diseased sites. However, the
identification of some periodontopathogens, such as Campylobacter gracilis and F. nucletum ss
nucleatum were also observed early in the primary dentition [89], which has been reported
by the literature in early-onset periodontitis [90,91]. Thus, despite their low abundance,
primary dentition already exhibits an identification of microorganisms that potentially
increase the risk of disease development in the latest detention. Moreover, the high abun-
dance of A. actinomycetemcomitans, regardless of dentition, highlights this species’ role in
C-MIP disease.
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Figure 4. Beta-diversity analysis of C-MIP sites in children affected in the primary and permanent
dentitions based on detection levels for all taxa in the HOMIM microarray. Principal component 1
(PC1, x-axis, 14.7%) vs. principal component 2 (PC2, y-axis, 8.9%) account for 23.6% of the total data
variability. Ellipses represent 90% of the data variability within each group. Primary and Permanent
groups differed when compared (PERMANOVA p < 0.01) and after adjusting for probing depth (PD)
(PERMANOVA p < 0.05). (Source of the image [89]).

An important point to consider is intrafamilial transmission and its role in the acqui-
sition of periodontopathogens. It has been shown that individuals from the same family
harbored the same biotype and serotype of A. actinomycetemcomitans [92], and Christersson
also found that members of the same family with LAP also harbored the same biotype and
serotype of A. actinomycetemcomitans [93]. Haubek et al. also reported the same isolates
of JP2 clones in African LAP families and suggested that the strong familial aggregation
of this disease was due to intrafamilial transmission of this virulent strain [94]. The most
likely route of transmission is via the saliva and could be vertical (parent to child) or
horizontal (partner to partner or sibling to sibling) [95,96]. Transmission theories have been
reinforced by sequencing studies of specific strains [97–99]. However, it is possible that
transient transmission does not lead to persistent colonization of the organism, as this will
also depend on the host, bacterium characteristics, and the abundance of the transferred
species, among others. There may also be genetic influence of colonization patterns, as the
periodontal flora of identical twins has been shown to be more similar than that of fraternal
ones [100,101].

4. Diseases Initial Time-Point

In reviewing the topics discussed above, it is possible to question whether C-MIP
actually starts in the primary dentition. If left untreated, the persistent presence of the
pathogen A. actinomycetemcomitans within tissues [93,102,103] may allow this species to
recolonize the pockets around permanent dentition and within sites of hyper-inflammatory
host predisposition, may lead to rapid periodontal destruction in these individuals, as
studies show that treatment of this disease early in the primary dentition seems to reduce
disease recurrence in the permanent dentition [15–17]. This microorganism can act in tissue
breakdown in indirect and direct ways jeopardizing the host first-line response (PMN
recruitment) all together with microorganism selectivity in the subgingival environment,
respectively [72]. Other more recent retrospective analyses [10,16] were carried out evalu-
ating radiograph bone loss patterns, external/internal root resorption, enlarged chamber
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pulp, and exfoliation patterns in primary dentition records from patients diagnosed with
LAP/C-MIP in permanent teeth. The first study [16] had access to 39 patient’s radiographic
records (20 C-MIP diagnosed and 19 healthy siblings). Ninety percent of those who had
C-MIP in the permanent dentition also presented signs of radiographic bone loss around
their first and second primary molars in the retrospective evaluation (Figure 5). Moreover,
six of the 19 siblings who were healthy in their permanent dentition presented bone loss
in primary radiographic records retrospectively, and two of them went on to develop the
disease in the study follow-up [16] (Figure 6). Likewise, the second study [10] evaluated
49 periapical radiographs in 33 patients who presented the disease in the primary dentition.
The first primary molar was the most affected teeth, followed by the second primary mo-
lar [10] (Figure 7). The authors suggest there seems to be a pattern of progression from the
first to the second primary molar, and this could potentially lead to colonization of the first
permanent molar if left untreated. Thus, it seems reasonable to infer that it is possible that
C-MIP may indeed start in the primary dentition and, if left undiagnosed and untreated,
may lead to disease in the permanent dentition. Thus, the role of pediatric dentists in the
diagnosis and management of this disease early becomes essential for the proper treatment
of this disease and prevention of possible breakdown of the permanent dentition [104]. The
Academy of Pediatric Dentistry’s latest recommendation for the diagnosis of periodontal
disease in children is to perform a full mouth periodontal examination as soon as the first
permanent molar erupts, around 6 years of age [105], or earlier if clinical signs of disease or
radiographic bone loss are detected or suspected.

Figure 5. Clinical Case: The patient was referred to periodontal treatment at age 15 with significant
vertical bone loss on #19 and 30. Retrospective radiographic analyses of the permanent and primary
dentitions show evidence of bone loss in the upper (orange arrow) and lower primary molars at
age 9 (A), healthy permanent dentition at age 11 (B), and beginning of bone defects in permanent
dentition at age 12 and 15 (C,D); #19 and 30 distal surfaces) (Source of the image [10]).
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Figure 6. Retrospective evaluation of radiographs of a sibling of a C-MIP patient. Childhood
radiographic records show initial bone loss at the first primary molars at five years old (A). The
disease progressed fast and spread to the second primary molars at age 6 (orange arrows) (B). (Source
of the image [16]).

Figure 7. Seven-year-old African American male diagnosed with C-MIP in primary dentition. Severe
bone loss on lower left primary first molar (orange arrow) (A). Severe bone loss of lower right first
and second primary molars along with external root resorption (orange arrows) (B). (Source of the
image [10]).

5. Treatment Aspects

Scaling and root planning (SRP) associated with systemic antibiotic therapy (Amox-
icillin and Metronidazole) is the current gold standard for treating C-MIP [62,106–109].
According to most clinical studies, this therapy can provide significant probing depth (PD)
reduction, clinical attachment level (CAL) gain, along with positive modulation in host
proinflammatory profile (GCF), maintaining microbial compatibility with health sites in
the short and long term (Figure 8) [62,106–109]. However, it is important to highlight that
although patients respond well to this therapy, patients who present a high LPS responsive-
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ness may not achieve equal outcomes to the ones presenting a lower responsiveness, even
under the same clinical approach [110].

Figure 8. Female patient diagnosed with C-MIP presenting bone loss in the incisors (25) and 1st
permanent molars (baseline-upper). After SRP + ABX treatment, bone fill and stability were achieved
at 2 years of follow-up (bottom).

Branco de Almeida et al. [109] and Miller et al. [16] showed great PD reduction and
clinical attachment gain in diagnosed LAP/C-MIP patients when a regimen of full mouth
debridement associated with systemic antibiotic therapy (ABX at baseline: Metronidazole-
250 mg and Amoxicillin-500 mg, 3× per day for 7 days) immediately after the clinical
debridement was the treatment of choice. Positive clinical parameter reductions were
observed in the short-term (6 months) and maintained in the long-term (2 years), while
Miller et al. [16] showed this reduction in clinical parameters was maintained for up to
4 years post-treatment. Moreover, several biomarkers in diseased and health sites from
LAP/C-MIP patients were reduced in at least one time point when compared to baseline
levels [109]. Most of these decreased biomarkers have been characterized as disease features
in discriminative analysis [21]. Thus, it seems that this type of approach can lead to clinical
stability and local host modulation in the long term. Despite the positive and sustained
modulation in GCF biomarkers after the non-surgical periodontal therapy combined with
ABX, serum biomarkers modulation does not provide the same outcome [111]. Limited
cytokines/chemokines are reduced in some post-treatment time points, while others seem
to rebound, especially after 6 months [112]. In fact, some studies have shown that serum
inflammatory biomarkers persist at higher rates compared to diagnosed patients even after
treatment [113] or return to their baseline levels after long-term follow-up [114]. Comparing
C-MIP and GAgP response after 1-year long-term follow under the ABX approach, it is
possible to observe similarities between both disease types of outcomes regarding serum
and GCF levels [23].
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From a microbiological perspective, the same clinical approach (SRP+ABX) can mod-
ify host microbiota, reducing putative species correlated to C-MIP disease [114]. Vel-
sko et al. [62] have shown that this protocol (debridement with a 7-day course of ABX)
maintained a healthy microbial environment in a 2-year long-term, decreasing A. actino-
mycetemcomitans, F. alocis, T. forsythia, and C. gracilis while health-associated species, such
S. anginosus/gordonii and S. parasanguinis, increased (Figure 9A). A statistical difference in
community profile could be observed between healthy and diseased sites before therapy,
and a closer cluster (more similar profile) between health and disease profiles could be
observed in C-MIP patients post-treatment compared to baseline (Figure 9B) [62]. Burgess
et al. [78] also reported a drastic reduction in the initially high prevalence of JP2 genotype
post-treatment, and this significant reduction was maintained for 12 months post-treatment,
with one course of ABX at baseline and proper periodontal maintenance. In diseased
sites, JP2 genotype prevalence was reduced to 3.23% (1/31 site detection) after 1 year of
treatment compared to baseline, while no detection was observed in the health sites of
African American patients diagnosed with LAP/C-MIP [78]. A different regiment of ABX
(Metronidazole-400 mg and Amoxicilin-500 mg, 3× per day for 14 days) along with SRP
also decreased JP2 genotype in LAP/C-MIP patients after 1 year. Additionally, serum IgG
against Omp29 was also decreased, which is one of the virulence factors correlated to tissue
invasion [106].

Figure 9. Prevalence of disease- and healthy-associated species after treatment (mechanical debride-
ment with systemic antibiotics −metronidazole 250 mg + amoxicillin 500 mg per 7 days) of C/MIP
patients over time (A). Principal coordinates analysis (PCoA) shows visibly separated clusters at
baseline disease (DD) and healthy (DH) sites than after treatment with an overlap in bacterial profiles
of DD and DH sites at 6 months (p < 0.05). Ellipses show 95% confidence intervals (B). Values
are mean ± SD. * p < 0.05, ** p < 0.01, *** p < 0.001 between DD and DH. + p < 0.05, ++ p < 0.01,
+++ p < 0.001 in DD compared to baseline. (Source of the image [62]).

Considering dentition type under SRP+ABX clinical approach, Merchant et al. [9]
have shown a better clinical attachment gain in primary dentition at 3, 6, and 12 months
compared to the permanent dentition, although both dentitions presented a significant
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reduction in all clinical parameters post-treatment. These results were encouraging re-
garding early treatment of disease and indicated that younger patients may be more likely
to have disease resolution [9]. This can be associated with a few conditions, such as low
inflammatory rates in younger children [115], as well as precocious disease diagnosis and
intervention under a less complex dysbiotic environment [89]. Depending on the amount
of bone level compromised due to disease progression, primary tooth extraction may be an
alternative, especially in cases with extensive mobility, pain/abscess, or loss of function
impact on quality of life [116].

There is no study confirming disease prevention in permanent teeth in patients di-
agnosed and treated in the primary dentition. However, the few longitudinal studies
following patients diagnosed with LAP/C-MIP in primary dentition indicate a favorable
response to treatment and a low incidence of disease in permanent dentition with proper
maintenance. According to Mros and Berglundh [15], no bone loss was detected in 7 out
of 13 subjects previously diagnosed with the disease in early dentition under proper peri-
odontal maintenance. Miller et al. did not report a recurrence of the disease in permanent
dentition in a long-term follow-up of the Florida cohort [16]. Despite the small sample
size, low rates of disease recurrence were also observed by Bimstein [17] and Merchant
et al. [9]. Thus, it seems reasonable to reinforce periodontal screening in pediatric dental
appointments focusing on early diagnosis, especially when cases of aggressive periodontitis
are reported in the family.

6. Conclusions

C-MIP is an oral disease more prevalent in African descendants and young system-
ically healthy adults (under 35 years old) that affects the tooth-supporting apparatus of
very specific teeth and features rapid alveolar bone loss. Most cases are associated with
low biofilm accumulation, bone loss affecting first molars and incisors, along with familial
aggregation. Although less studied, this disease can also be diagnosed in the primary den-
tition, which may lead to more successful treatment and possibly prevent the occurrence
of the disease in the permanent dentition. Studies evaluating primary dentition records
have shown that most patients diagnosed in the permanent dentition had disease signs
(i.e., bone loss) in the primary dentition.

A heightened inflammatory response to bacteria can be observed in these patients,
and healthy siblings also present a tendency of high inflammatory response even without a
clinical diagnosis, which may be a result of a genetic predisposition to the disease, given the
similar patterns of host response seen in families. The immunological response to biofilm
is high regardless of the stimuli used. Periodontal therapy has been shown to successfully
manage the local inflammatory profile and clinical response to treatment; however, the
modulation of serum biomarkers is not as consistent, and some markers seem to remain
high or rebound in the long term despite clinical response remaining positive.

A. actinomycetemcomitans is a key pathogen either in primary or permanent dentition
affected with this disease, characterized by special tools for tissue invasion and more
virulent genotypes (e.g., JP2). A. actinomycetemcomitans early acquisition was also reported
as a possible predictor to disease initiation. The colonization of A. actinomycetemcomitans
in primary dentition can be explained by familial aggregation and possible pathogenic
transmission within families. Similar subgingival biofilm composition between parents
diagnosed with an aggressive type of periodontitis and their offspring has been reported
in the literature. In fact, the bacterial community in these children seems to be resistant
even after periodontal maintenance. After periodontal therapy, periodontopathogens are
significantly reduced, and this profile can be maintained for a long period with proper
supportive periodontal therapy.

SRP + ABX is the gold standard for treating C-MIP, supported by several studies and
systematic reviews. Most studies report amoxicillin and metronidazole as the regimen of
choice as adjuncts to SRP/full mouth debridement. The disease affecting both primary
and permanent dentition presents a favorable clinical response to treatment. However,
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higher gains in clinical attachment levels seem to happen in younger children. This may
be explained by a lower inflammatory profile in young children [115] and a less mature
microbial community compared to permanent dentition [89]

7. Future Directions

There are still many gaps to be investigated in C-MIP, such as sex hormones (andro-
gens, estrogens, and progestogens) and other cofactors during childhood development that
may influence the disease incidence. Moreover, epigenetic studies and other comprehen-
sive analyses using integrative -omics analysis (e.g., proteomic, metagenomic, genomics)
should be carried out focusing on better understanding the biomolecular features of this
disease in different time points and in different populations. In addition, there is not yet a
group of feature inflammatory biomarkers to control diagnosis, progression, and disease
severity over time. A better understanding and correlation between serum, GCF, and saliva
biomarkers may guide research and clinical practitioners to a more assertive approach
to this disease. Despite the great success under SRP+ABX therapy, host modulation, e.g.,
pro-resolving lipid mediators, may be an alternative option in future studies [117–119],
given the increase in ABX resistance and the heightened inflammatory response seen in
these individuals. Considering the current classification system, it is important to include
clinical characteristics that have been discussed and published in the past for this disease
in different stages so that studies with specific inclusion criteria are conducted, and knowl-
edge continues to be developed for this particular disease in the future. Moreover, given
the fact that some evidence indicates a possible disease initiation in the primary dentition,
periodontal screening during pediatric appointments remains crucial for early disease
diagnosis and treatment and possible prevention of disease at later stages.
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Abstract: The periodontal disease pathobiont Aggregatibacter actinomycetemcomitans (A. actinomycetem-
comitans) may exert a range of detrimental effects on periodontal diseases in general and, more
specifically, with the initiation and progression of Localized Stage III Grade C periodontitis (molar–
incisor pattern). In this review of the biogeography of this pathobiont, the full range of geographical
scales for A. actinomycetemcomitans, from global origins and transmission to local geographical regions,
to more locally exposed probands and families, to the individual host, down to the oral cavity, and
finally, to spatial interactions with other commensals and pathobionts within the plaque biofilms at
the micron/nanoscale, are reviewed. Using the newest technologies in genetics, imaging, in vitro
cultures, and other research disciplines, investigators may be able to gain new insights to the role of
this pathobiont in the unique initial destructive patterns of Localized Stage III Grade C periodon-
titis. These findings may incorporate the unique features of the microbiome that are influenced
by variations in the geographic environment within the entire mouth. Additional insights into the
geographic distribution of molar–incisor periodontal breakdown for Localized Stage III Grade C
periodontitis may derive from the spatial interactions between A. actinomycetemcomitans and other
pathobionts such as Porphyromonas gingivalis, Filifactor aclocis, and commensals such as Streptococcus
gordonii. In addition, while the association of A. actinomycetemcomitans in systemic diseases is limited
at the present time, future studies into possible periodontal disease–systemic disease links may also
find A. actinomycetemcomitans and its geographical interactions with other microbiome members to
provide important clues as to implications of pathobiological communications.

Keywords: Aggregatibacter actinomycetemcomitans; aggressive periodontitis; Porphyromonas gingivalis;
biogeography; biofilms; Localized Stage III Grade C periodontitis

1. Introduction

The series of papers in this monograph present an extensive review of the range of
pathological effects of Aggregatibacter actinomycetemcomitans (A. actinomycetemcomitans), a
periodontal pathobiont, with the focus on Localized Stage III Grade C periodontitis (AKA
Localized Molar–Incisor Grade III Stage C periodontitis, Localized Juvenile periodontitis,
or Localized Aggressive periodontitis). The role of this pathobiont through its prevalence
in dysbiotic microbial communities, suppression effects on the host response, toxicity to
periodontal tissues, and stimulation of the destructive arms of the inflammatory response
has been extensively investigated [1]. The arsenal of destructive weapons of A. actino-
mycetemcomitans include toxins within the fimbriae on the surface of the bacteria, secreted
cytolethal distending toxins, and lipopolysaccharides [1]. These detrimental effects of
A. actinomycetemcomitans can be modified in periodontal diseases on the smallest geograph-
ical scale by the spatial proximity to other periodontal pathobionts, as well as commensal
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bacteria [2]. In addition, when discussing the broader definition of geography for a patho-
biont such as A. actinomycetemcomitans, one can expand the range of scales from the largest
origins and transmission on a global scale to local geographical regions, to more locally
exposed probands, and to within families. From a geographical perspective, we can then
consider the oral cavity as a whole, the plaque biofilm structure, and finally. at the smallest
scale of individual interactions between A. actinomycetemcomitans and adjacent or nearby
commensal organisms and pathobionts at the sub-micron/nanoscale in supragingival,
subgingival, and systemically affected environments.

In this geographical tour of A. actinomycetemcomitans and Localized Stage III Grade C
periodontitis, we start at these largest global scales and work down to the smallest nanome-
ter scales to address how this pathobiont may play a key role to this rapidly progressing
form of periodontal disease, as well as in the exacerbation of systemic diseases. Studies of
the geography of A. actinomycetemcomitans may help answer central questions regarding
the ethnic, racial, and familial distributions of this rapidly progressing periodontal disease,
as well as the specific intraoral geographical location of this disease to first molars and
incisors. While some of these questions on the global to nanoscale remain unanswered,
and theories arising from published observations are yet to be confirmed, a broad range of
techniques used in these approaches described in this review may yield new insights into
these global to nanoscale geographical questions.

2. Global Origins

In examining geography at the “widest field of vision”, a variety of genetic tools
have been used to trace the global migration of the potential geographic origins of this
pathobiont, as well as the divergence of this pathobiont from the species level to serotypes
and strains [3,4]. Initially, genetic signatures have been employed to determine both the
common origin and routes of dissemination and divergence [5]. Aside from microbiology,
there are interesting parallels of such approaches in fields of study such as epidemiology,
anthropology, genetics, and even in disciplines as far afield as linguistics [6].

Geographical concepts can be addressed at the broad cultural level that can include
language and anatomical appearances. The broader cultural and biological structures of
language and gross anatomical appearance can then be assessed at a finer level of reso-
lution using genomic data [7]. For example, in order to determine the geographic origin
for the migration patterns of the Polynesian people, both linguists and human and animal
anatomists and geneticists have used the “language tools” of their respective disciplines to
propose that the origin of these migrations were from early civilizations from the southern
tip of Taiwan [8,9]. Similarly, using the genetics of primate mitochondria, anthropologists
working with geneticists have postulated a “Mitochondrial Eve” originating in defined
areas of East Africa as the geographic origin of migrating Homo sapiens populations [10]. By
analogy to this type of geographical genetic tracing, we can draw interesting parallels to the
more rapid evolution, divergence, and migration patterns of SARS-CoV-2 strains [11]. In
particular, the emergence of a particular SARS-CoV-2 strain variant and its initial predomi-
nance and probable origins from South Africa, then spreading to more northern locations
in the African continent, has been demonstrated using these tools [12].

For the geographic origins of A. actinomycetemcomitans, similar back tracing approaches
have determined in part why the spread of this pathobiont is more common in African
American populations [13]. For example, studies restricted to limited regions such as Africa
and Scandinavia and analysis of clones prevalent in these populations indicate that the
origin of one or more of the more pathogenic strains of A. actinomycetemcomitans (the JP
2 clone) may have been in Mediterranean Africa [14] around present day Morocco; after
which, it spread to Western Africa and then to the Americas, due in part to migration
patterns of the slave trade [15] (Figure 1). In Scandinavia, the migration patterns may have
resulted in the presence of the JP 2 clone in smaller, discrete geographical areas. For example,
in two studies in Sweden, this pathogenic clone was detected in two studies [16,17], while,
in Denmark, a study of younger subjects did not detect the prevalence of this clone [18].
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Figure 1. A proposed geographical origin and pathway of dissemination of A. actinomycetemcomitans
in the African American population through genetic back tracing: 1. Origin from North Africa to West
Central Africa and then to 2. North and South America through the slave trade [14–16]. 3. Regarding
the spread to other parts of the world where A. actinomycetemcomitans may have disseminated
and been detected, these geographical routes have yet to be determined but may include discrete
geographic zones, such as regions of Sweden [16,17] (original image created by the author for this
manuscript with Biorender.com).

3. Smaller Populations and the Individual

At a higher magnification of the geographical level, it is well established that cases
of Localized Stage III Grade C periodontitis cluster within certain racial/ethnic groups
and within families [13,19]. In addition to the local exposure from close geographical
proximity, a genetic component may play an important role in this pattern [19]. From a
microbiological perspective, the roles of both genetics and host response elements raise
questions as to whether A. actinomycetemcomitans transmission occurs primarily within the
smaller physical spaces of families or whether geographically adjacent probands may also
play a role.

The use of various genetic fingerprinting techniques have demonstrated that there is
strong evidence for the physical/geographical transmission of A. actinomycetemcomitans
within the closer physical confines of families, even to members that do not show evidence
of the disease [20]. While a developing fetus may not be expected to acquire A. actino-
mycetemcomitans in the womb, the initial passage of the child through the birth canal can
potentially expose the child first to the mother’s microbiome [21,22]. While prior studies
have not demonstrated A. actinomycetemcomitans per se in the birth canal pathway, other
periodontal pathobionts have been detected in these anatomical regions [23]. Nevertheless,
acquisition of A. actinomycetemcomitans as a risk factor in the initiation of localized Stage
III Grade C periodontitis [24–27] could occur from mother to child immediately postpar-
tum with exposure to the close geographic environment [28]. Evidence for this earlier
physical acquisition of A. actinomycetemcomitans before clinical signs of this rapid form of
periodontitis is supported by studies that have shown similar patterns of rapid destruction
in the primary teeth in the same geographical areas of the mouth as the future affected
first molars [29]. Once established within a closely geographically associated proband
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such as family or community, there may be the retention of specific species and strains
of pathogenic microbiota such as A. actinomycetemcomitans and Porphyromonas gingivalis
(P. gingivalis) [20]. Evidence to support this persistence of specific microbial profiles of
periodontal pathobionts in the form of dysbiotic communities has been confirmed from
early studies that demonstrated the retention of the same species and strains of species of
periodontal pathobionts [30], including P. gingivalis, as well as A. actinomycetemcomitans,
even after attempts at debridement and maintenance [31,32], and since these pathobionts
may reside in multiple inaccessible geographical areas in the mouth, their complete elimi-
nation from the oral cavity is not possible. Therefore, there is a risk of recolonization into
their originally colonized intraoral geographical areas.

One of the most extensively studied areas in dental and medical research is the
potential for periodontal pathobionts to translocate to other parts of the body and thereby
induce both local inflammatory and destructive responses, as well as an elevated state of
systemic inflammation. These pathways of microbial translocation include invasion of
pathobionts into the bloodstream and lymphatic system through the breakdown of the
epithelial barrier between the gingival tissue and sulcus microbiota spread along neural
pathways, and direct invasion of pathobionts into tissue [33–35]. In addition, periodontal
pathobionts can directly invade host cells such as epithelial cells and immune cells in the
periodontal tissue and then be carried as “Trojan horses” to distal sites of the body [36]. This
proposed translocation pathway mechanism has been extensively studied and observed
for the periodontal pathobiont P. gingivalis [34,36]. For both A. actinomycetemcomitans and
P. gingivalis, epithelial cell mechanisms for adhesion and rearranging the actin cytoskeleton
of the host cell function have been shown to facilitate ingestion into the cell [37].

To date, there has been some published evidence that has focused on the clinical
implications of the geographic translocation of A. actinomycetemcomitans to other parts
of the body. Individual case reports or series of case reports have noted the presence of
A. actinomycetemcomitans in various pulmonary infections [38], non-oral abscesses [39],
and general septicemia. For A. actinomycetemcomitans, the most studied of these non-oral
infections to distal sites in the body is for cardiovascular disease—in particular, endocardi-
tis [40–42] and atherosclerosis [43]. The detection rates of this pathobiont in endocarditis
have been reported to range from 0.6% for A. actinomycetemcomitans per se to 3% for patho-
bionts in a related group of eight species found in periodontal disease plaques (HACEK
group) [5] that may include A. actinomycetemcomitans. These apparently low rates for A.
actinomycetemcomitans detection from these earlier studies may actually be higher when
using newer big data and high-throughput approaches with more detailed and sensitive
16S ribotyping techniques [44–46]. This is particularly relevant because A. actinomycetem-
comitans is not as elevated in subgingival plaque and, in general, is more prevalent in
specific segments of the population [47,48]. In addition, since the new World Workshop
Classification meeting in 2017, there has been a highly significant decrease in the ratio of
publications that feature A. actinomycetemcomitans as compared to P. gingivalis. Importantly,
an extensive series of case reports provided evidence that A. actinomycetemcomitans can
translocate to a variety of organs [39]. More specifically, an extensive review of 26 studies
related to the recovery of oral pathobionts from atherosclerotic cardiovascular samples has
shown 8 out of 26 where P. gingivalis recovery was the most prevalent, whereas 7 studies
showed A. actinomycetemcomitans to be the most prevalent [43]. None of the other six
reputed pathobionts reached a higher level than A. actinomycetemcomitans or P. gingivalis in
any samples taken [43]. Furthermore, in addition to the potential translocation of whole
A. actinomycetemcomitans, mouse models have shown that A. actinomycetemcomitans, like
the more extensively studied P. gingivalis [49], can secrete outer membrane vesicles (OMV’s)
that can potentially cross the blood–brain barrier and induce neuroinflammation [36,50,51].
Whether this phenomenon of OMV’s from A. actinomycetemcomitans also exists in humans
has yet to be investigated. As demonstrated in previous studies with OMVs from P. gingi-
valis [34,52], if such a translocation for A. actinomycetemcomitans does occur, it may have
broad implications for the initiation and progression of Alzheimer’s disease and other
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forms of dementia. It should, however, be noted that, unlike the increased levels of the
detection of P. gingivalis in the periodontal disease microbiome in older adults, it appears
that levels of A. actinomycetemcomitans may decrease in the periodontal disease microbiome
in older adults [53]. Nevertheless, it is possible that any translocation of a periodontal
pathobiont at an earlier age may contribute to the upstream chain of events that may
become clinically detectable diseases and conditions later in life.

4. The Oral Cavity

These aforementioned examples provide evidence for the geographic origins, trans-
mission, and strain diversity of A. actinomycetemcomitans on the global, familial, and whole
individual scales. When we refocus at the smaller geographical scale on the central role
of A. actinomycetemcomitans in Localized Stage III grade C periodontitis, a central question
arises as follows: Since this condition is initially localized to the region of the first molars
and incisor teeth in the permanent dentition and corresponding areas of the primary denti-
tion, can the local microbial geography and ecology of the mouth explain, in part, the initial
localization and rapid bone loss in the first molar and incisor regions in both the primary
and permanent dentition? These local geographic factors within the mouth can interact
with the larger scale systemic variations and risk factors such as variations in the systemic
host response to A. actinomycetemcomitans. These overarching factors are presented in other
papers of this monograph.

Over the past several decades, there have been investigations into the influence of
regional variations of the conditions in the mouth that may affect regional differences in the
microbiome, which have been taken into consideration: (1) the location of the microbiome
by tooth type and position in the mouth [54,55]; (2) temperature gradients within the oral
cavity [56]; (3) soft tissue type and surface; (4) location of the salivary glands and overall
levels of salivary flow, which may have both diurnal variation and variation before, during,
and after mastication and in hyposalivation conditions such as Sjogren’s syndrome [57];
(5) differences in the levels of salivary flow from the front and back of the mouth and
around salivary duct openings [58]; (6) physical effects of mastication, including forces of
the musculature of the cheek and tongue on the teeth during periods of mastication and
periods where the mastication of food is not occurring; (7) differences in the plaque mass
per se around teeth in different regions of the mouth [59]; and (8) the chemical nature and
physical consistency of their diet [44,57,60–62] (Figure 2).

In a review by Proctor et al. [60], the principles that may govern the regional distribu-
tion and profile of the periodontopathic microflora within a small geographic niche were
more extensively reviewed using the principles of selection, physical dispersal, and genetic
drift within an individual species and increased or decreased species diversity [60]. There
have been several studies that demonstrated a preferential colonization and high recovery
rate of A. actinomycetemcomitans in the first molar regions both with and without rapid peri-
odontal breakdown at the time of sample collection [63–65]. One early study by Mombelli
et al. demonstrated a high predictive rate of the presence of A. actinomycetemcomitans on
a first mandibular molar on one side of the mouth and the presence of A. actinomycetem-
comitans on the contralateral first mandibular molar, thereby supporting the concept of
bilateral symmetry of microbial profiles in periodontal disease [66]. Furthermore, Haffajee
et al. demonstrated that, when compared to the broader distribution of P. gingivalis in a
wider area of the dentition of periodontal diseases, A. actinomycetemcomitans was detected
in more limited locations, such as the first molar region [67]. These detection rates for A.
actinomycetemcomitans are seen in more discrete areas as constituents of complex supragin-
gival and subgingival biofilms in contrast to other surfaces of the oral cavity, which may be
explained in part by a relatively smaller proportion of A. actinomycetemcomitans in these
complex biofilms. These findings could be due to older, less sensitive culturing techniques
or DNA checkboard techniques [68].
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Figure 2. Differences in physical geography of the oral cavity that may affect regional variations of
the location and distribution of A. actinomycetemcomitans may include tooth location, tooth type, and
tooth surface; temperature gradients from the anterior to posterior oral cavity; attachment to different
mucosal surfaces; location of the salivary ducts, salivary composition, and differences in salivary
flow; effects of the cheek, tongue, and masticatory musculature; regional variations in the quantity of
plaque accumulation; and chemical and physical characteristics of the diet (original image created by
the author for this manuscript with Biorender.com).

However, using new bioinformatics and big data approaches, future studies that
characterize the microbiome on a tooth-by-tooth and site-by-site basis for both supra and
subgingival biofilms in deciduous, mixed, and permanent dentitions, which show the
clinical hallmarks of Localized Stage III grade C patients, may shed light on the influence
of the eight factors listed above on the geographic variations in the total microbial envi-
ronment. In addition, eruption patterns of the permanent teeth could be another factor for
A. actinomycetemcomitans localization [69]. The new technologies could lead to an increased
understanding of the presence and/or pathogenic potential of A. actinomycetemcomitans
to these molar/incisor sites. Furthermore, comparing these distributions with the tooth-
by-tooth microbial profiles of periodontally healthy subjects and with subjects with less
severe periodontitis in Stage I or II/Grade A or B classes may further our understanding of
the unique localized periodontal breakdown patterns in subjects with Localized Stage III
Grade C periodontitis.

The promise of these approaches that focus on the site-by-site location of bacterial
species and distribution patterns for the entire mouth is supported by recent work [57,60,61]
designed to examine the effects of hyposalivation on gradients in the patterns, diversity,
and spatial connections of the microbiome. These approaches have included the collection
of supragingival samples from each buccal and lingual tooth surface, selected subgingival
samples, and intraoral soft tissue surface sites including exfoliated epithelial cells (which
may serve as an early reservoir for A. actinomycetemcomitans [70]). These investigations
have shown different gradients in phyla distribution with different corresponding levels
of salivary flow and strong similarities in phyla distribution based on closer geographical
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distancing as opposed to inter-arch or bilateral geographical distances. From these observa-
tions on phyla and diversity distributions based on salivary flow, such distribution mapping
may aid researchers and clinicians in identifying patients at risk for caries and periodontal
diseases. By using these tools at finer resolution to the genus, species, and strain levels,
investigators may also gain new insights into the next higher geographical magnification
of different tooth environments that can identify interactions of A. actinomycetemcomitans
with the total local microflora in individual sulcus sites. These tools could be used to study
the biofilm adherent to the tooth surface, the overlying planktonic suspension of bacteria
in the gingival sulcus, local invasion of bacteria into the periodontal tissues and within
tissue, and host response cells within the tissue. The promise of studying such interactions
using the approaches described in this section can examine this microbial geography at the
highest resolution.

5. Microbial Communities and Biofilms

There is compelling evidence that the survival and pathogenic potential of A. actino-
mycetemcomitans is dependent on the local interactions of this pathobiont with the complex
communities of both the supra gingival and sub gingival biofilms. These interactions
occur geographically on the micro and nanoscales and include interactions with microbial
extracellular matrices, quorum sensing, exchange of genetic material, exchange of nutrients,
and neutralization of host defense molecules [71–73]. While extensive studies have been
published on such interactions to the whole biofilm for individual pathobiont species such
as P. gingivalis, T. denticola, and Fusobacterium nucleatum (F. nucleatum), there is a dearth of
studies that focused on A. actinomycetemcomitans from this high magnification geographical
viewpoint. Such studies are important, as sampling studies from sites with Localized Stage
III Grade C periodontitis have shown recovery rates of A. actinomycetemcomitans with other
periodontal pathobionts such as Filofactor alocis (F. alocis) and P. gingivalis [74]. Two newer
approaches that take into account the geographical proximity of A. actinomycetemcomitans
to these other pathobionts have the potential to yield new insights into the pathogenic role
of this species in these Localized Stage III grade C lesions [75,76].

The first of these approaches stem from the elegant studies employing novel im-
munofluorescent techniques to identify multiple pathobionts in the biofilm using a com-
bination of two florescent probes out of a library of individual colors of a defined spec-
trum [75,76]. These imaging approaches have enabled investigators to develop multicolored
maps of the development of bacterial communities in the biofilm [75,77,78] and the phylum
to the species level. Of particular interest for the spatial organization of A. actinomycetem-
comitans at the phylum level is the demonstration of complexes of A. actinomycetemcomitans
in a defined area consisting of a “hedgehog-shaped” core of corynebacteria connected by
F. nucleatum [76] (Figure 3). These hedgehogs are studded at the surface by commensals
such as streptococcus species and pathobionts such as P. gingivalis in a corncob appearance
and then surrounded by pathobionts of the same phyla as A. actinomycetemcomitans, which
may be attached to these corncobs [76,78] (Figure 3).

In this complex structure, the role of F. nucleatum is of particular interest, as it appears
to serve as a geographical “isthmus” between bacterial species at the core and surface
through several types of adhesins [79]. In addition, other images of different sectional
views using this staining technique demonstrated the presence of the pathobionts in
discrete patches [76]. Since the specifics of A. actinomycetemcomitans binding to F. nucleatum
have not been studied at this molecular level, further studies are required. It is difficult
to study A. actinomycetemcomitans and its ability to become an early colonizer of teeth
in humans [70]. One such study tested for the presence of A. actinomycetemcomitans on
buccal epithelial cells in volunteers prior to entering them into a longitudinal in vivo
study [70]. Six sterile hydroxyapatite squares were placed into an acrylic stent, and one
square was removed at intervals ranging from 5 min to 7 h after placement, sonicated, and
screened for early colonizing bacteria. A. actinomycetemcomitans was found in volunteers
4, 6, and 7 h after placement and only in volunteers with A. actinomycetemcomitans prior

58



Pathogens 2024, 13, 837

to square placement. Streptococci and Actinomyces were found at all time points and in
both A. actinomycetemcomitans-positive and A. actinomycetemcomitans-negative volunteers.
Fusobacteria were also found at later time points.

Turning to P. gingivalis and its effects on the biogeography of A. actinomycetemcomitans
within the biofilm, a major pathogenic product of P. gingivalis is the family of gingipains,
which are required for the breakdown of healthy surrounding tissue for essential nu-
trients [80]. The geographic proximity of A. actinomycetemcomitans and P. gingivalis as
described in the immunofluorescent approaches described above [76] raises interesting
questions as to the negative effects of these gingipains on the colonization of A. actino-
mycetemcomitans within the plaque biofilm (Figure 3). While recent studies have shown that
these gingipains also have adhesin binding sites to various hard and soft tissue surfaces in
the oral cavity [81], in vitro studies have demonstrated that these gingipains can promote
the detachment of A. actinomycetemcomitans from hard tissue surfaces and an inhibition
of the aggregation of A. actinomycetemcomitans [82,83]. However, it is important to point
out that P. gingivalis is a more fastidious anaerobe and occurs at later stages of plaque
development [48].

Figure 3. A proposed geographical model distribution of A. actinomycetemcomitans in the plaque
biofilm based on diverse prior imaging studies and in vitro studies [76,81–83]. (1) A. actinomycetem-
comitans may cluster around streptococcus “corncob” formations at the end of the filamentous
corynebacterium species and may also form clusters near other pathobionts such as P. gingivalis.
(2) However, gingipain enzymes from P. gingivalis may also exclude A. actinomycetemcomitans from
areas of the plaque biofilm and prevent aggregation within the biofilm (original image created by the
author for this manuscript with Biorender.com).

A second interesting geographical interaction at the micro/nanoscale between two
species within biofilms is between A. actinomycetemcomitans and Streptococcus gordonii
(S. gordonii) in what has been described as a “fight or flight interaction” (Figure 4). S. gordonii
can also play a role in the chain of formation of biofilms in the adhesion and colonization
of P. gingivalis within the biofilm of some periodontal lesions [5,84]. In addition, as noted
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above, in the absence of gingipains from P. gingivalis or other factors, A. actinomycetem-
comitans may form strong adhesions to saliva-treated surfaces [1] and promote a local
pathogenic colony formation of pathobionts within the biofilm [85]. For A. actinomycetem-
comitans, per se, the close geographical proximity to S. gordonii benefits its growth due to
the production of lactate by S. gordonii, which contributes to the survival and pathogenicity
of A. actinomycetemcomitans [86–88]. However, since S. gordonii also produces hydrogen
peroxide (H2O2), which is toxic to A. actinomycetemcomitans at higher concentrations, a
direct adherence would be potentially toxic to A. actinomycetemcomitans. To ensure a safe
working distance between these two species, A. actinomycetemcomitans produces an en-
zyme, dispersin B, that promotes movement of this bacteria a short distance away from
a higher concentration of this H2O2 in a “flight” response. A. actinomycetemcomitans also
produces catalase to neutralize the lower concentrations of H2O2 at this safer distance [87].
At the same time, during this process, the exposure of A. actinomycetemcomitans to H2O2
produced in part by S. gordonii may aid in the formation of surface membrane receptors
on A. actinomycetemcomitans that increase the resistance to complement-mediated destruc-
tion in yet another “fight” response. One additional geographical interaction that is less
understood is that of A. actinomycetemcomitans and F. alocis [74,89,90]. While supported
by both in vivo and in vitro studies, these interactions appear to be strain-dependent, and
most evidence suggests that F. alocis, another leukotoxin producer, appears to occur after A.
actinomycetemcomitans is present in deep subgingival pockets [91].

Figure 4. “Fight/Flight interactions between A. actinomycetemcomitans and S. gordonii. (1) At the
closest geographical distances between these two microbial species, the beneficial effects of lactate
production from S. gordonii on the growth of A actinomycetemcomitans are offset by the higher toxic
concentrations of H2O2. (2) However, the production of dipersin B by A. actinomycetemcomitans
facilitates a separation from S. gordonii and an exposure to a lower and less toxic concentration of
H2O2, which can be neutralized by catalases from A. actinomycetemcomitans, stimulate resistance
to complement from the host response, and maintain some of the nutritional benefits of S. gordonii
produced lactate (original image created by the author for this manuscript with Biorender.com).
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6. Conclusions

On this tour of microbial geography of A. actinomycetemcomitans from the global to
nanoscale, we have presented the range of tools used to answer questions regarding (1) the
origins and spread of this pathobiont; (2) the establishment, survival, and pathogenicity of
this pathobiont; and (3) the complexity of biofilms and other oral microbial communities.
Each of these tools can be considered a form of communication, with some common
and unique features of grammar, syntax, and vocabulary down to the morphemes and
phonemes in the genetic, environmental, and biochemical realm. Questions of the historical
origin of A. actinomycetemcomitans and its spread to communities around the world and to
families and close geographic probands have been answered in part by these approaches.
Nevertheless, several central questions remain at a higher magnification level. These
include the higher detection rates of A. actinomycetemcomitans within those localized areas
of first molars and incisors typical of patients with the now defined Localized Stage III
Grade C periodontitis and features of the microbiome as a whole in these areas of localized
destruction of the periodontal support that can be explained by the variations in the
geographical environment within the entire mouth and within the individual microbiomes
and biofilms around tooth types and locations. The broad range of newer techniques
described in this paper may provide novel hypotheses and answers to these questions.
On the whole-mouth scale, a study of the variations in the “climate and ecology” of
different geographical environments may provide some answers. In addition, studies that
focus on the geographical proximity of A. actinomycetemcomitans to other biofilm species,
including other pathobionts and commensals, followed by investigations of potential
beneficial and biochemical reactions may yield new insights into the role of geography in
the role of A. actinomycetemcomitans in this unique periodontal disease pattern. While the
association of A. actinomycetemcomitans in systemic diseases is limited at the present time
when compared to the more extensive work with other periodontal pathobionts such as
P. gingivalis, future studies looking at other possible periodontal disease–systemic links may
find that A. actinomycetemcomitans possesses important properties that permit translocation
and exacerbate systemic diseases, particularly coronary heart diseases.
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Abstract: Microbes frequently experience nutrient deprivations in the natural environment and may
enter dormancy. Aggregatibacter actinomycetemcomitans is known to establish long-term infections
in humans. This study examined the dormancy-like phenotype of an A. actinomycetemcomitans
strain D7S-1 and its isogenic smooth-colony mutant D7SS. A tissue culture medium RPMI-1640 was
nutrient-deficient (ND) and unable to support A. actinomycetemcomitans growth. RPMI-1640 amended
with bases was nutrient-limited (NL) and supported limited growth of A. actinomycetemcomitans
less than the nutrient-enriched (NE) laboratory medium did. Strain D7S-1, after an initial 2-log
reduction in viability, maintained viability from day 4 to day 15 in the NL medium. Strain D7SS, after
1-log reduction in viability, maintained viability from day 3 to day 5. In contrast, bacteria in the NE
medium were either non-recoverable (D7S-1; >6-log reduction) or continued to lose viability (D7SS;
3-log reduction) on day 5 and beyond. Scanning and transmission electron microscopy showed
that A. actinomycetemcomitans in the NL medium formed robust biofilms similar to those in the NE
medium but with evidence of stress. A. actinomycetemcomitans in the ND medium revealed scant
biofilms and extensive cellular damage. We concluded that A. actinomycetemcomitans grown in the
NL medium exhibited a dormancy-like phenotype characterized by minimum growth, prolonged
viability, and distinct cellular morphology.

Keywords: Aggregatibacter actinomycetemcomitans; dormancy; stress response; bacterial physiology

1. Introduction

Most studies on microbial physiology and metabolism have been performed under
conditions of nutrient excess. However, microbes are frequently starved for critical growth
nutrients in most natural environments [1]. Bacteria may enter a dormancy state in un-
favorable environments to ensure long-term survival. Dormancy is a reversible phase in
which bacteria are viable but non-replicating and exhibit low levels of metabolic activity
with distinct gene expression profiles [1].

Aggregatibacter actinomycetemcomitans is among the best-studied periodontal pathogens.
The organism is noted for its association with periodontitis in young individuals and adults
with severe periodontitis [2,3]. A. actinomycetemcomitans can establish long-term periodontal
infections due to persistent subgingival colonization of identical A. actinomycetemcomitans
clones [4,5]. The mechanism that underpins the organism’s persistent colonization remains
to be elucidated. Presumably, A. actinomycetemcomitans may enter a dormancy phase in vivo
when it encounters unfavorable conditions.

We hypothesize that A. actinomycetemcomitans may enter dormancy in the in vivo
nutrient-limited environment. The in vivo milieu of A. actinomycetemcomitans is com-
plex. It involves bacteria- and host-derived factors such as the polymicrobial commu-
nity and its metabolites, gingival crevicular fluid, various immune cells, cytokines, and
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chemokines [6–9]. Developing an in vitro model that mimics the in vivo environment is
challenging and nearly impossible. Instead, this study examined the potential dormancy
phenotype of A. actinomycetemcomitans in a relatively simple model by growing bacteria in
chemically defined media (CDMs) and characterizing its phenotype. A. actinomycetemcomi-
tans in dormancy, in comparison to A. actinomycetemcomitans grown in the conventional
nutrient-enriched medium, is expected to (i) display no or minimum growth, (ii) remain
viable over an extended time, and (iii) demonstrate a distinct cellular morphology. The
phenotypes and the mechanism of dormancy will be further tested in animal models in
future investigations.

2. Materials and Methods

2.1. Bacterial Strains and Growth Conditions

Bacteria were routinely incubated in an atmosphere supplemented with 5% CO2 at
37 ◦C in a humidified incubator. The wildtype rough-colony A. actinomycetemcomitans strain
D7S-1 and its isogenic smooth-colony mutant D7SS were routinely grown in a modified
trypticase soy broth (mTSB) containing 3% trypticase soy broth and 0.6% yeast extract or
on mTSB agar (mTSB with 1.5% agar (Becton Dickinson and Company, Franklin Lakes,
NJ, USA)).

Three CDMs were tested in the study. A common tissue culture medium, RPMI-1640
(Sigma, St. Louis, MO, USA, Catalog #: R0883), designated as RPMI-1, was used as a CDM
base. RPMI-2 was RPMI-1 amended with 10 mg/L uracil and 10 mg/L hypoxanthine.
RPMI-3 was RPMI-2 amended with 0.03 mM each of cytidine, guanosine, uridine, adeno-
sine, and thymidine (Sigma, ES-008-D), 10 mM fructose, 2 g/L inosine, 2 mg/L spermidine,
2 mg/L putrescine, 430 mg/L MgCl2, and 2.2 mg/L CaCl2.

Three different protocols were used to prepare A. actinomycetemcomitans for electron
microscopy: (i) biofilms grown on glass coverslips for SEM, (ii) a bacterial suspension
from liquid cultures for SEM, and (iii) bacteria pelleted from liquid cultures for TEM.
Briefly, colonies of A. actinomycetemcomitans on agar were inoculated into mTSB broth and
incubated overnight. Cells were washed with sterile PBS buffer and adjusted to OD600 of
0.15 in three test media (i.e., mTSB control, RPMI-1, and RPMI-2). Sterile coverslips were
then added to the cultures to support biofilm formation. Cells were collected and prepared
for SEM or TEM at designated times.

2.2. Electron Microscopy

Biofilms on coverslips for SEM and the pelleted cells for TEM were fixed by replacing
the media with a solution containing 2.5% glutaraldehyde, 2% paraformaldehyde, and
2% sucrose (w/v) in 0.1 M HEPES. The bacterial suspension from cultures was fixed for
SEM by adding 100 μL of 25% glutaraldehyde directly to 900 μL of the culture for a final
concentration of 2.5% glutaraldehyde. All samples were processed in a Pelco BioWave
microwave processor (Ted Pella, Reading, CA, USA) to increase the penetration of samples
and decrease processing time, using a Cool Spot to control temperature and reduce standing
energy waves. All samples were microwaved for two cycles of 1 min on, 1 min off, and
1 min on at 150 watts, and then this sequence was repeated at 250 w. The samples were
stored at 4 ◦C.

2.3. TEM

Pellets were microwaved with wash buffer (0.1 M HEPES containing 2% sucrose)
for 1 min at 250 w. This was repeated three times before quenching with fresh 50 mM
ammonium chloride in wash buffer for two cycles of 1 min on, 1 min off, and 1 min at 150
w under vacuum. This was followed by two wash rinses for one minute each at 250 w, then
two 18 mΩ water rinses for one minute each at 250 w. Pellets were stained with 1% uranyl
acetate in water under vacuum (2 min on, 2 min off, and 2 min on; two cycles at 100 w),
followed by two 18 mΩ water rinses before a graded alcohol dehydration series (50%, 70%,
95%, 100%, 100%, and 100%) at 250 w for 1 min at each step.
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Before infiltrating the samples with Embed 812 (EMS) epoxy resin, samples were rinsed
twice with propylene oxide. BioWave was used for the first two resin dilutions (1:1 and 1:3
of propylene oxide to Embed 812) for 4 min at 250 w. Three pure resin changes followed
this before placing the samples into flat molds with paper labels. Blocks were polymerized
at 60 ◦C. Eighty-nanometer sections were cut using a Leica UC6 ultramicrotome (Leica,
Wetzlar, Germany) and a Diatome diamond knife. Sections were picked up on 200-mesh
thin bar Gilder grids (EMS).

All TEM images were taken using a ThermoFisher (Waltham, MA, USA) Talos FEG
TEM at 80 KeV and recorded on a ThermoFisher Ceta16 CMOS camera.

2.4. SEM

Biofilms grown on coverslips were processed the same way as the TEM pellets up to
the final dehydration step. After dehydration, the cells adherent to the cover glasses were
dried by replacing the 100% ethanol with 100% hexamethyldisilazane (HMDS) three times.
With each HMDS change, the samples were microwaved for 45 s at 150 w. Excess HMDS
was removed, and samples were dried completely at 37 ◦C.

The cells in suspension were plated onto poly-l-lysine-coated 12 mm round cover
glasses. After a 20-min incubation, samples were processed in terms of the cells grown on
cover glass, with the following changes: no Quench step, no UA staining, and Critical Point
Dried (Auto-Samdri, Tousimis, Rockland, MD, USA). All SEM samples were mounted
to stubs using double-sided carbon sticky tabs and then sputter-coated for 40 s with an
80/20 platinum/palladium target (Cressington 108C Sputter coater, Ted Pella, Reading,
CA, USA).

All SEM images were taken on an FEI Nova Nano 50 SEM (Hillsboro, OR, USA)
using an Everhart–Thornley detector or a through-the-lens secondary electron detector in
immersion mode.

3. Results

3.1. Development of Culture Media That Induce A. actinomycetemcomitans Dormancy-like
Phenotype

We hypothesized that specific media may induce an A. actinomycetemcomitans dormancy-
like phenotype characterized by minimal replication and sustained viability. A common
tissue culture medium RPMI-1640, henceforth RPMI-1, was selected as the base of CDMs
and further amended to derive RPMI-2 and RPMI-3. We first tested whether the CDMs
were nutrient-limited (NL) or nutrient-deficient (ND) for A. actinomycetemcomitans. The NL
media should possess all essential factors and can sustain the growth of bacteria indefinitely
if fresh media are added periodically. In contrast, the ND media lack crucial elements and
will not support the growth of bacteria with or without replenishment with fresh media. A
modified trypticase soy broth with yeast extract medium (mTSB) was used as the control
nutrient-enriched (NE) medium. Both A. actinomycetemcomitans D7S-1 and D7SS strains
were used in our study to examine their phenotypic differences in different culture media.
The comparison between the wildtype biofilm-forming bacteria and the smooth-colony
mutant of planktonic bacteria is not the focus of this study.

Figure 1 shows the results of the experiments for strain D7S-1 (A) and D7SS (B) in
mTSB, RPMI-1, and RPMI-2. The cultures were diluted 1:1 daily with fresh media for seven
days. The dashed reference line represents the CFU/mL if the cultures did not grow or lose
viability. Because of the daily dilution of the cultures with fresh media, the CFU of A. acti-
nomycetemcomitans is expected to be reduced by 50% every day without gains or losses of
cultivable bacteria. Three patterns of growth were observed. As expected, A. actinomycetem-
comitans grew best in mTSB and was the lowest in RPMI-1. A. actinomycetemcomitans in
RPMI-2 exhibited less growth than in mTSB. In particular, D7SS in RPMI-2 grew closer to
the reference line of no gains and losses. The results suggest that RPMI-1 is an ND medium,
and RPMI-2 is an NL medium. The growth of A. actinomycetemcomitans in RPMI-3 (RPMI-2
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amended with dNTPs) was better than in RPMI-2 but worse than in mTSB (data not shown)
and was not further tested.

 

Figure 1. Distinguishing nutrient-deficient and nutrient-limited properties of CDMs. The CFU/mL
was determined for A. actinomycetemcomitans D7S-1 (A) and A. actinomycetemcomitans D7SS (B) in
mTSB, RPMI-1, and RPMI-2, with daily 1:1 dilution with appropriate fresh media. For A. actino-
mycetemcomitans D7S-1: * D-1: ANOVA 0.005419; Tukey HSD Test: RPMI-1 vs. RPMI-2, p < 0.01.
** D-2, D-3, D-4, D-5, D-6, and D-7: ANOVA < 0.005; Tukey HSD Test: mTSB vs. RPMI-1, p < 0.01;
RPMI-1 vs. RPMI-2, p < 0.01. For A. actinomycetemcomitans D7SS: * D-2, D-3, D-4, D-5, D-6, and D-7:
ANOVA < 0.002; Tukey HSD Test: mTSB vs. RPMI-1, p < 0.01: RPMI-1 vs. RPMI-2 p < 0.01.
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We next tested if A. actinomycetemcomitans may reflect a dormancy-like phenotype
in mTSB, RPMI-1, and RPMI-2 without adding fresh media. Three patterns of growth
were also observed (Figure 2). A. actinomycetemcomitans D7S-1 cultured in mTSB, following
an initial growth, was reduced by more than 2 logs on day 3 and was not cultivable
(<100 CFU/mL; >6 logs of reduction) from day 5 to day 15. A. actinomycetemcomitans in
RPMI-1 showed a continuing decline in viability from day 0 to day 15, when it exhibited
about an 800-fold reduction in CFU/mL. Interestingly, A. actinomycetemcomitans in RPMI-2,
following an initial growth on day 1, showed a decline in viability from day 1 to day
4 (less pronounced than in mTSB) and a period of stable viability from day 5 to day 15
that resembled dormancy. Moreover, the viability of A. actinomycetemcomitans in RPMI-2
exceeded 6000-fold greater than in mTSB on day 15. A. actinomycetemcomitans D7SS was
tested in the three media for five days and showed similar growth trends to those observed
for D7S-1. The bacteria exhibited initial growth on day 1 and a rapid decline in viability
from day 2 to day 5 in mTSB, and a slower but continuing decrease in viability in RPMI-1
from day 0 to day 5. In contrast, bacteria in RPMI-2 showed initial growth, followed by a
slow decline in viability from day 1 to day 3, when it reached a stable period of viability
from day 3 to day 5, resembling dormancy. The viability of D7SS in RPMI-2 was 100-fold
higher than in mTSB on day 5. The results suggested that A. actinomycetemcomitans entered
a dormancy-like phase 3 to 4 days after culturing in RPMI-2 and demonstrated sustained
viability for up to 15 days.

Figure 2. Cont.

70



Pathogens 2024, 13, 418

Figure 2. Dormancy-like phenotype of A. actinomycetemcomitans in nutrient-limited media. The
viability of A. actinomycetemcomitans D7S-1 (A) and A. actinomycetemcomitans D7SS (B) in mTSB,
RPMI-1, and RPMI-2 without daily addition of fresh media was determined by culturing. For
A. actinomycetemcomitans D7S-1: * D-1 and D-2: ANOVA < 0.005; Tukey HSD Test: mTSB vs. RPMI-1,
p < 0.01; RPMI-1 vs. RPMI-2, p < 0.01. ** D-3, D-4, and D-5: ANOVA < 0.02; Tukey HSD Test: mTSB
vs. RPMI-1, p < 0.05; mTSB vs. RPMI-2, p < 0.01. *** D-9 and D-15: ANOVA < 0.0001; Tukey HSD
Test: mTSB vs. RPMI-1, p < 0.01; mTSB vs. RPMI-2, p < 0.01; RPMI-1 vs. RPMI-2, p < 0.01. For
A. actinomycetemcomitans D7SS: * D-1: ANOVA p = 0.034030; Tukey HSD Test: RPMI-1 vs. RPMI-2,
p < 0.05. ** D-3 and D-5: ANOVA p < 0.002; Tukey HSD Test: mTSB vs. RPMI-2, p < 0.01. *** D-4:
ANOVA p = 0.000772; Tukey HSD Test: mTSB vs. RPMI-2, p < 0.01; RPMI-1 vs. RPMI-2, p < 0.05.

3.2. Scanning Electron Microscopy (SEM) of A. actinomycetemcomitans

We next examined the cellular morphology of A. actinomycetemcomitans cultured in
mTSB, RPMI-1, and RPMI-2. The protocol and the list of samples are summarized in
Supplementary Figure S1 and Table 1.

Table 1. List of samples for EM.

Strain Protocol Timeline

D7S-1 and D7SS Bacteria cultured in mTSB, RPMI-1, or RPMI-2 media with daily 1:1 dilution with fresh media. Day 1–Day 4

D7S-1 and D7SS Bacteria grown in RPMI-2 from Day 1–Day 4 above were transferred to mTSB with daily 1:1
dilution with the fresh medium. Day 5–Day 7

In mTSB, D7S-1 grew as aggregates of bacteria of 1–2 μm in length (Figure 3A,B).
The cells were intact. Numerous fimbria appeared as thin fibrils (orange arrows) or thick
bundles (blue arrows) comprised of multiple strands of fimbriae. Moderate amounts
of vesicles (~0.1 μm) (red triangles) were noted. In RPMI-1, D7S-1 showed fewer and
smaller cell aggregates on the coverslips and fewer fimbriae (Figure 3C,D). Numerous cells
appeared either broken or irregularly shaped (yellow arrows). More vesicles of varying
sizes were noted. D7S-1 grew less in RPMI-2 than in mTSB but more than in RPMI-1
(Figure 3E,F). The cells also formed aggregates attached to the coverslip, similar to those
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in mTSB. The cells were intact and demonstrated numerous vesicles of irregular shapes.
Both thin and thick fimbriae were noted. A few long cells (3–4 μm) (green arrows) were
also found. The cells reverted to the morphology observed in the mTSB control after three
days of culturing with the daily dilution of fresh media (Figure 3G,H).

 

 

Figure 3. SEM of D7S-1 biofilms formed on the coverslips. The bacteria were cultured with a daily
dilution of fresh media for four days in the mTSB control (A,B), RPMI-1 (C,D), RPMI-2 (E,F), or
switched from RPMI-2 on day 4 to mTSB and grown with a daily dilution with fresh media until
day 7 (G,H). Orange arrows indicate thin fibrils of the fimbriae, while blue arrows indicate fimbriae
in thick bundles. Vesicles are represented by red triangles, and long cells are represented by green
arrows. Yellow arrows indicate broken or irregularly shaped cells. The scale bars on the left and right
columns are 20 and 2 μm, respectively.

The morphology of the isogenic smooth-colony mutant D7SS differed from that of
D7S-1 in all media tested (Figure 4). In mTSB, D7SS grew as a thick mat of cells. The cells
were longer (up to 4 μm) compared to D7S-1 (Figure 4A,B). The cells were intact, with a
few vesicles. A few thin fimbriae (orange arrows) (but not the thick bundles of fimbriae)
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were noted. D7SS in RPMI-1 grew less than in mTSB and exhibited numerous extra-long
cells (green arrows) (~10 μm), which may comprise undivided chains of cells (Figure 4C,D).
Some of the long cells showed evidence of damage (yellow arrows). A few thin fimbriae
(orange arrows) were noted. There were also numerous short and round cells (yellow
triangles) not seen in other samples.

 

 

Figure 4. SEM of D7SS. The bacteria were cultured with a daily dilution of fresh media for four days
in the mTSB control (A,B), RPMI-1 (C,D), RPMI-2 (E,F), or switched from RPMI-2 on day 4 to mTSB
and grown with a daily dilution of fresh media until day 7 (G,H). Orange arrows represent thin
fimbriae, and yellow arrows indicate broken or irregularly shaped cells. Long cells are denoted by
green arrows, while yellow triangles indicate short and round cells. The scale bars on the left and
right columns are 20 and 2 μm, respectively.

D7SS in RPMI-2 grew as well as in mTSB and was much better than in RPMI-1
(Figure 4E,F). Extra-long cells (green arrows) were found but less numerous than in RPMI-1.
Notably, the cells appeared to be largely intact. The small round cells found in RPMI-1
cultures were not present in RPMI-2, and thin fimbriae (orange arrows) were occasionally
seen. The morphology of D7SS in RPMI-2 upon culturing in mTSB for three days was
indistinguishable from that in mTSB only (Figure 4G,H).

3.3. Transmission Electron Microscopy (TEM) of A. actinomycetemcomitans

The TEM of D7S-1 in the mTSB control showed intact cells (Figure 5A,B) with well-
defined cytoplasmic membranes, periplasmic space, and outer membranes (red triangles).
The cytoplasm was characterized by a pale-staining area of DNA (yellow arrows) and
numerous ribosomes. Thick fimbriae (blue arrows) were also found. We could not find
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intact D7S-1 in RPMI-1 based on TEM, likely due to the low number of cells in the cultures.
D7S-1 in RPMI-2 showed fewer cells than in the mTSB control (Figure 5C,D). However,
the cells were largely intact, with well-defined cytoplasmic membranes, periplasmic space,
and outer membranes (red triangles). In general, the cytoplasm contained fewer dark-
staining ribosomes than in the mTSB control. A few extra-long cells (orange arrows) were
noted. D7S-1 in RPMI-2, when cultured in mTSB, reverted to the morphology noted in cells
cultured in mTSB only (Figure 5E,F).

 

Figure 5. TEM of D7S-1. The bacterial growth conditions are described in Figure 3. The bacteria were
pelleted from the cultures and processed for TEM. Intact D7S-1 cells in RPMI-1 could not be found
based on TEM, likely due to the low number of cells in the cultures. The samples included D7S-1 in
the mTSB control (panels A,B) and in RPMI-2 (panels C,D), and the bacteria switched from RPMI-2
to mTSB (panels E,F). Cellular cytoplasmic membranes, periplasmic space, and outer membranes are
indicated by red triangles, while yellow arrows highlight the pale-staining area occupied by genomic
DNA. Blue arrows denote thick fimbriae, and extra-long cells are indicated by orange arrows. The
scale bars on the left and right columns are 5 μm and 500 nm, respectively.

D7SS in the mTSB control showed intact cells that, on average, were longer than those
of D7S-1 (Figure 6A,B). The cells had well-defined cytoplasmic membranes, periplasmic
space, and outer membranes (red triangles). The intracellular content was characterized
by a pale-staining area of DNA (yellow arrows) and numerous ribosomes. No fimbriae
were found. D7SS in RPMI-1 showed very few cells and evidence of damage (Figure 6C,D).
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A few intact cells were found, characterized by poorly defined cell wall structures and
irregular-shaped outer membranes (red triangles). Relatively few ribosomes were found in
the cytoplasm. D7SS in RPMI-2 showed more cells than in RPMI-1 (Figure 6E,F). Occasional
extra-long cells (orange arrows) were noted. The cell morphology was similar to that in
RPMI-1, with the bacteria displaying irregular-shaped outer membranes. The morphology
of the cells in RPMI-2 changed after reversion to the mTSB medium and resembled the
cells in mTSB more closely (Figure 6G,H). Notably, the outline of the cells was smoother
compared to the bacteria cultured in either RPMI-1 or RPMI-2.

 

 

Figure 6. TEM of D7SS. The bacterial growth conditions and sample preparation are described in
Figure 3 and include only the bacteria pelleted from cultures. The samples included D7SS in the mTSB
control (panels A,B), in RPMI-1 (panels C,D), and RPMI-2 (panels E,F), and bacteria switched from
RPMI-2 to mTSB (panels G,H). Cytoplasmic membranes, periplasmic space, and outer membranes
are represented by red triangles, yellow arrows highlight the pale-staining area occupied by genomic
DNA, and extra-long cells are highlighted by orange arrows. The scale bars on the left and right
columns are 5 μm and 500 nm, respectively.
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4. Discussion

Bacteria cultured in complex media exhibit the typical bacterial lifecycle: a brief lag
phase, followed by rapid proliferation during the exponential phase fueled by abundant
nutrients. When resources diminish, the rapid growth slows, and bacteria transition into
a stationary phase marked by the absence of growth. In a closed culture system, when
nutrients are not replenished, bacteria will eventually enter the death phase where, in
Escherichia coli K12 cultured in Luria Bertani medium, 99% of the viable cells will be lost
within three days [10].

In their natural environment, periods of bacterial exponential growth are short as
nutrients are typically limited and conditions are generally harsh [11]. Bacteria are often
forced to remain in the stationary phase for an extended time [12] until conditions become
more favorable. However, when conditions fail to improve, cells may progress into the
death phase. The mechanisms underlying the transition from the stationary phase to
the death phase are poorly understood [10]. One theory hypothesizes that whenever the
bacterial load exceeds the support potential of the culture, cells begin to die as there are no
sufficient resources to continue their metabolism and carry out the repair and maintenance
functions. This death then releases cell contents, including amino acids from proteins,
carbohydrates from the cell walls, lipids from cell membrane materials, and DNA, that can
be utilized by the surviving siblings [10,13]. Another theory proposed that in a high-density
culture, cells can sense that resources are becoming limited, and a proportion of cells will
automatically go through altruistic suicide so that others can continue to grow utilizing the
remaining nutrients and survive [10,11,13].

Despite the death of the majority of the population during the transition from the sta-
tionary to death phase, some proportions of cells may survive [11] and enter into dormancy
instead. They are viable but non-replicating in this state and exhibit low metabolic rates
with distinct gene expression profiles [14]. Metabolic activities slow down to a minimum
to conserve energy and increase their likelihood of survival. This group of surviving cells
makes up what is known as the seed bank, and it serves to ensure that at least some cells
can be resuscitated when conditions improve in the future [14].

Dormancy, however, is an energetically expensive process [14]. Although energy
production slows to the bare minimum, bacteria must still allocate resources to maintain
cellular structures and machinery [14]. They still need to spend energy maintaining surveil-
lance of their environment to detect the appropriate time to exit dormancy and resume
normal metabolism [14]. Yet, this energy investment will almost guarantee their survival.

In this study, we attempted to generate an in vitro dormancy model for
A. actinomycetemcomitans. Most in vitro bacterial studies have relied on the use of com-
plex media, and this strategy has significant drawbacks in microbial research. First, the
undefined nature of the complex medium components frequently impedes hypothesis
testing. Additionally, complex media do not accurately simulate the nutrient constraints of
the in vivo environment where bacteria often experience starvation. Therefore, we chose
CDMs to test our hypothesis. The precise formulations of CDMs allow us to make specific
modifications to develop different media with distinct growth support properties. RPMI-
1640 was selected as the base of our CDMs because our previous study showed that this
medium (i.e., RPMI-1 in this study) supported the viability of A. actinomycetemcomitans for
24 h, with no apparent growth, and induced a distinct gene expression profile [15]. RPMI-1
was further amended to derive RPMI-2 and RPMI-3, and these amendments were tailored
to A. actinomycetemcomitans based on its genome analysis [16] and growth requirements of
Haemophilus influenzae [17–19]. H. influenzae and A. actinomycetemcomitans are genetically
related and may share similar growth requirements.

We first determined whether the media were nutrient-deficient or nutrient-limited
using the conventional enriched medium mTSB as a control (Figure 1). The critical finding
was the difference between the growth phenotypes of A. actinomycetemcomitans in RPMI-1
and RPMI-2. The exhaustion of essential growth factors cannot explain the difference. A
key finding to the formulation of the media is the requirement of nucleotide synthesis via
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salvage pathways for A actinomycetemcomitans. RPMI-1640, amended with uracil and hy-
poxanthine, provided all necessary components for the growth of A. actinomycetemcomitans.
The results suggested that RPMI-1 is an ND medium, while RPMI-2 is an NL medium. Our
results for RPMI-1 differed from the observation by Sreenivasan et al. [20], which suggested
that RPMI-1 could sustain A. actinomycetemcomitans’ growth. However, in their study, the
growth of A. actinomycetemcomitans was monitored for 24 h only, which did not allow for
sufficient time to demonstrate the decline in viability over time.

The growth differences in D7S-1 between mTSB and RPMI-2 were statistically sig-
nificantly different. However, the differences were less than those in D7SS in the same
media. It appears that D7S-1 was more resistant to nutrient limitations, which was more
evident in the experiment in Figure 2. A. actinomycetemcomitans exhibited distinct cellular
morphology when cultured in mTSB, RPMI-1, and RPMI-2. While there were differences
in the cellular morphology of D7S-1 and D7SS, and the growth conditions were not the
same as those tested in growth studies, the results suggested that A. actinomycetemcomitans
in RPMI-2 was largely intact, remained relatively healthy, and exhibited a morphology
distinct from that in mTSB. Perhaps not surprisingly, A. actinomycetemcomitans grown in
RPMI-1 was significantly stressed, with numerous cells showing extensive damage, and
was not considered dormant as defined by our study. In RPMI-2, the morphology of A. acti-
nomycetemcomitans showed characteristics that were somewhat between the morphology in
mTSB and RPMI-1, and the phenotype was reversible if the bacteria were transferred back
to complex mTSB medium; they became indistinguishable from those with no exposure to
the nutrient-limited medium.

We noted the presence of thin fimbriae but never thick bundles of fimbriae in the
smooth-colony D7SS in liquid cultures. The strain D7SS has a point mutation in the
promoter region of the fimbria biogenesis operon [21]. The results suggested that the point
mutation’s effect on fimbria expression is leaky, leading to the expression of thin fimbriae
but not the thick bundles of fimbriae noted in the wildtype D7S-1. A similar observation
that smooth-colony mutants expressed a lower abundance of and shorter fimbriae has been
reported previously [22]. The role of the thin fimbriae in adherence and aggregation for
A. actinomycetemcomitans remains to be elucidated.

Our lab routinely cultured A. actinomycetemcomitans in NE media for growth study and
consistently observed a death phase typically after two days of incubation, when the bacte-
ria were not recoverable. Therefore, the result of the sustained viability of D7S-1 in RPMI-2
was striking. Notably, the bacteria appeared to enter a phase of sustained viability starting
from day 4, and the viability remained unchanged until the end of the experimentation. It
is unknown how long the viability can last if we continue the experiment.

A. actinomycetemcomitans in RPMI-1 also exhibited a sustained but declining viability.
This phenotype cannot be explained by the exhaustion of essential growth nutrients in the
media because of the typical death phase encountered by A. actinomycetemcomitans grown
in NE medium in 2–3 days. We hypothesize that the induction of A. actinomycetemcomitans
dormancy requires both a specific formulation of the media and the presence of essential
components to maintain dormancy.

There are several limitations and caveats to this study. The proportions of live and
dead cells in EM studies were unknown. Future studies should include live/dead staining
of both planktonic and biofilms in different culture conditions. The cellular morphology
achieved by using EM was descriptive, and there is a need for quantitative analysis of the
cells (e.g., cell size). Also, the pathogenesis of A. actinomycetemcomitans in periodontitis is
complex. The simple model of this study does not simulate the complex in vivo growth
condition, but will be useful for further investigation into the survival mechanism of
A. actinomycetemcomitans in vivo.

Our study has not resolved when and how to distinguish dormancy and starvation
and whether these conditions have overlapping phenotypes and mechanisms. These are
the issues that require additional experiments for clarification. In the current study, we
chose to avoid starvation by replenishing the media in the experiments to examine the
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cellular morphology by EM. We are currently investigating the genes involved in the phe-
notypes observed in this study by employing transcriptomics and Tn-seq. Once a list of
candidate genes is identified, we will begin sorting out the genes involved in dormancy,
starvation, or both. To the best of our knowledge, this is the first study to identify a
growth phenotype of A. actinomycetemcomitans that resembles dormancy. Experiments are
underway to investigate the essential genes and the transcriptomes of the putative A. acti-
nomycetemcomitans dormancy. The information may provide insight into the pathogenesis
of A. actinomycetemcomitans in periodontitis. Moreover, RPMI-1640 may be amended as a
CDM for experiments that require specific information on each ingredient in the media.
RPMI-1640 may also be tailored to other oral species based on genome analysis. We plan to
test the CDMs developed in this study as growth media for in vitro polymicrobial models.
These CDMs may be useful in investigating the complex bacteria-to-bacteria relationships
in dental biofilms.

5. Conclusions

RPMI-1640 and its amendments are CDMs that can be used to test hypotheses related to
the growth of A. actinomycetemcomitans. Specifically, we discovered A. actinomycetemcomitans’
dormancy-like phenotype when the bacteria were cultured in a nutrient-limited RPMI-1640
amended with bases. The A. actinomycetemcomitans dormancy-like phenotype is characterized
by a reduced but stable viability without the death phase, in contrast to the bacteria grown in
enriched laboratory media. The A. actinomycetemcomitans dormancy-like phenotype exhibits
distinct cellular morphology examined by SEM and TEM. The dormancy-like phenotype is
reversible upon culturing in enriched laboratory media. The in vitro dormancy model may
be useful for investigating the mechanisms of the survival of A. actinomycetemcomitans in
nutrient-limited conditions.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/pathogens13050418/s1, Figure S1: Summary of protocols
used to prepare A. actinomycetemcomitans samples for electron microscopy.
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Abstract: Aggressive forms of periodontitis, especially in young patients, are often associated with an in-
creased proportion of the Gram-negative bacterium Aggregatibacter actinomycetemcomitans of the microbiota
of the affected periodontal sites. One of the virulence factors of A. actinomycetemcomitans is a leukotoxin
(LtxA) that induces a pro-inflammatory cell death process in leukocytes. A. actinomycetemcomitans exhibits
a large genetic diversity and different genotypes vary in LtxA production capacity. The genotype JP2
is a heavy LtxA producer due to a 530-base pair deletion in the promoter for the toxin genes, and
this trait has been associated with an increased pathogenic potential. The present study focused on
the production and release of LtxA by different A. actinomycetemcomitans genotypes and serotypes
under various growth conditions. Four different strains of this bacterium were cultured in two
different culture broths, and the amount of LtxA bound to the bacterial surface or released into the
broths was determined. The cultures were examined during the logarithmic and the early stationary
phases of growth. The JP2 genotype exhibited the highest LtxA production among the strains tested,
and production was not affected by the growth phase. The opposite was observed with the other
strains. The composition of the culture broth had no effect on the growth pattern of the tested strains.
However, the abundant release of LtxA from the bacterial surface into the culture broth was found in
the presence of horse serum. Besides confirming the enhanced leucotoxicity of the JP2 genotype, the
study provides new data on LtxA production in the logarithmic and stationary phases of growth and
the effect of media composition on the release of the toxin from the bacterial membrane.

Keywords: Aggregatibacter actinomycetemcomitans; leukotoxin release; JP2-genotype; culture conditions

1. Introduction

The Gram-negative facultative anaerobic bacterial species Aggregatibacter actinomycetem-
comitans is associated with periodontitis in young individuals [1,2]. A leukotoxin (LtxA)
produced by this bacterium is closely linked to the initiation of degenerative processes
involved in the disease [3,4]. LtxA is a large pore-forming protein internalized by the β2
integrin LFA-1 (CD11a/CD18) expressed by human immune cells [5]. The interaction of
LtxA with leukocytes activates the release of interleukin (IL)-1β from human macrophages
and of proteolytic enzymes from neutrophils [6] and ultimately causes cell death. LtxA-
induced macrophage death involves the activation of the NLRP3 inflammasome in a
process defined as pyroptosis [7]. The NLRP3 inflammasome plays a central role in many
degenerative diseases and is a possible target for future strategies in periodontal therapy [8].
A. actinomycetemcomitans shows a substantial genetic diversity and seven serotypes (a–g)
have been described till now [9,10]. A specific variant of serotype b, the JP2 genotype,
produces large amounts of LtxA and is characterized by the absence of a 530-base pair (bp)
sequence within the ltxCABD promoter region [11].

Pathogens 2024, 13, 569. https://doi.org/10.3390/pathogens13070569 https://www.mdpi.com/journal/pathogens80



Pathogens 2024, 13, 569

The JP2 genotype was initially detected in individuals with origins in the Mediter-
ranean part of Africa, following a dissemination route through West Africa, and further to
North and South America via the transatlantic slave trade [12]. Today, there are several re-
ports on the carriage of the JP2 genotype by individuals outside the North and West African
regions [13]. Young carriers of the JP2 genotype of A. actinomycetemcomitans are at high risk
of developing periodontitis [14]. In addition to the JP2 genotype, an additional marker for
highly leukotoxic genotypes of A. actinomycetemcomitans has been discovered [15]. This
genotype contains an intact cagE gene and includes JP2, as well as a subgroup of non-JP2
isolates with genetic similarities to JP2 [16].

LtxA production substantially varies among different genotypes, being highest in
strains of the JP2 genotype [17]. The role of the 530 bp deletion in the promoter region of
the leukotoxin operon for the regulation of LtxA expression is not fully understood [18].
The deletion of a specific 100 bp region within the 530 bp promoter deletion region was
shown to be a leukotoxin repressor, thus enhancing LtxA production [19]. As a supplement
to this finding another recently discovered leukotoxin promoter deletion outside this
100 bp deletion also resulted in enhanced LtxA production in the JP2 genotype, further
illustrating the complexity of leukotoxin production [20]. These discrepancies in the role of
the promoter deletion for LtxA production indicate a complex regulation with alternative
signaling pathways. Environmental factors and growth conditions have also been described
as interfering with LtxA production [21–23].

LtxA is a 1055 amino acid protein post-translationally activated through acylation
before being secreted by a Type I secretion system [24]. The secreted LtxA may either
be released into the culture media or stay bound to the bacterial outer membrane [25,26].
The presence of serum proteins induces the release of LtxA from the bacterial outer mem-
brane [27]. The ionic strength of the environment also affects this release [28]. Serum
protease inhibitors protect LtxA from proteolytic degradation, which, in turn, promotes
increased leukotoxic activity [29].

The aim of the present study was to examine LtxA production by the JP2 and non-JP2
genotypes of A. actinomycetemcomitans in relation to certain culture conditions, such as the
culture medium and the phase of growth.

2. Materials and Methods

2.1. Culture Media and Bacterial Strains

Two sterile-filtered culture broths, peptone yeast extract glucose (PYG) [4] and Bac-
teroides medium (BM) [30] were used. Their composition is shown in Table 1. All chemicals
were obtained from Sigma-Aldrich (St. Louis, MA, USA).

Table 1. Composition of the two culture broths.

PYG Medium BM Medium

Bacto peptone 0.5% Trypticase (BBL) 1%
Trypticase peptone 0.5% Proteose peptone (Oxoid) 1%
Glucose 1% Glucose 0.5%
Yeast extract 1%, Yeast extract 0.5%
NaCl 1.36 mM NaCl 1.13 mM
MgSO4 0.03 mM Sterile horse serum 2%
K2HPO4 0.22 mM Hemin 5 mg/L
KH2PO4 0.29 mM Vitamin K 10 mg/L
CaCl2 0.05 mM
NaHCO3 4.7 mM
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The growth of four A. actinomycetemcomitans strains, NCTC 9710, HK 1519 (JP2 geno-
type), SUNY ab75, and Y4, isolated from human plaque, was initially examined in the two
broths (Table 2). A total of 1 mL of an overnight culture was inoculated into 50 mL of fresh
broth and incubated at 37 ◦C in air with 5% CO2. The bacterial growth was followed by
measuring the optical density at 600 nm (OD600) of the culture at certain time points. The
growth was followed for 24 h.

Table 2. Generation time in minutes of various strains of A. actinomycetemcomitans in two different
culture media. Mean ± standard deviation of 3 experiments with each strain.

A. actinomycetemcomitans Strains PYG Broth BM Broth

NCTC 9710 (serotype c) 92 ± 9 96 ± 6

HK 1519 (serotype b, JP2 genotype) 108 ± 6 96 ± 27

SUNY ab75 (serotype a) 116 ± 12 94 ± 24

Y4 (serotype b, non-JP2 genotype) 92 ± 9 92 ± 18

For the analysis of LtxA production, half of the culture was harvested in the late
logarithmic phase of growth after about 8 h of incubation and the rest of the culture after
an additional 12 h incubation, i.e., in the stationary phase of growth.

2.2. Extraction of LtxA from Bacterial Cells

Each culture sample was immediately centrifuged at 10,000× g and 4 ◦C for 30 min,
and the bacterial pellet was re-suspended in 50 mM phosphate buffer containing 0.45 M
NaCl, pH 7.0, and the density was adjusted to 3 × 1011 cells/mL. The suspension was
incubated under gentle rocking at 4 ◦C for 1 h to release LtxA and other outer membrane
proteins from the bacterial cells [28]. At the end of the incubation, the cells were removed
by centrifugation (10,000× g at 4 ◦C for 20 min), and the supernatant was stored at −80 ◦C
until analyzed.

2.3. Precipitation of LtxA Released into the Culture Medium

LtxA and other proteins released from the bacteria into the broth were precipitated by
the addition of trichloroacetic acid to the culture supernatant to a final concentration of 5%
and incubated overnight at 4 ◦C. The precipitate was harvested by centrifugation (3000× g
at 4 ◦C for 15 min) and resuspended in 0.1 M NaOH to a final volume that corresponded
to protein extraction from 3 × 1011 bacteria/mL, this concentration being comparable
with the one in LtxA extracts from the bacterial cells. The solution was stored at −80 ◦C
until analyzed.

2.4. Detection of LtxA in Electrophoresis Gel

The proteins in the precipitates of culture broths and in cell extracts were separated by
sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE, 8%). Each sample
was mixed with an equal volume of buffer (50 μL 50 mM Tris-buffer, pH 7.4, containing 2%
SDS, 0.03% bromophenol blue, 20% sucrose, and 5% mercaptothion) and heated at 100 ◦C
for 5 min. The protein bands in the gel were stained with Coomassie brilliant blue R-250
(Bio-Rad Laboratories, Hercules, CA, USA) and the amount of protein in the 116 kDa band
that corresponds to leukotoxin was coarsely determined with the Model Gs-700 Imaging
Densitometer and the Molecular Analyst™ software version 1.4 (Bio-Rad Laboratories).

2.5. Detection of LtxA by Western Blot Analysis and Amino Acid Sequencing

The proteins in the SDS-PAGE were transferred from the gel to a Polyscreen™ transfer
membrane (NEN Life Science Products, Mechelen, Belgium) as previously described [28].
The membrane was incubated in a TBS buffer (20 mM Tris and 500 mM NaCl, pH 7.5)
containing rabbit anti-leukotoxin serum (diluted 1:1000) for 1–2 h. As a secondary antibody,
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goat anti-rabbit HRP (DAKO A/S. Glostrup, Denmark) was used (diluted 1:1000 in TBS-
buffer) for 1 h. The immunoreactive bands were visualized on film (Kodak) with ECL
development solution according to the manufacturer’s instructions (PIERCE, Rockford,
IL, USA).

The N-terminal amino acid sequence analysis of the 116 kDa protein band, transferred
from the gel to a Polyscreen™ membrane, was performed with the Procise™ 494 (Ap-
plied Biosystems, Foster City, CA, USA) protein sequencing system, using programs and
chemicals recommended by the manufacturer [28].

2.6. Isolation of PMN from Peripheral Blood

Human polymorphonuclear leukocytes (PMNs) were prepared from peripheral blood
collected in sodium heparin-containing vacuum tubes from two healthy donors (co-authors
RC and AJ). After sedimentation in Macrodex (Pharmacia, Uppsala, Sweden), the upper
phase was centrifuged (150× g at 4 ◦C for 12 min) and the cell pellet was resuspended
in distilled water for 30 s to lyse remaining red blood cells. Thereafter, NaCl was added
to make the solution isotonic, and the cells were washed twice with PBS before being
resuspended in RPMI medium with 20% fetal calf serum. The cell concentration in the
suspension was determined in a Bürker chamber under 400× magnification and adjusted
to 4 × 106 cells/mL. The final preparation contained 90–95% PMN cells.

2.7. Assay of Leukotoxic Activity

The leukotoxicity of the various samples was determined by the activity of lactate
dehydrogenase [28] released from injured PMN cells upon exposure to the samples. A
volume of 75 μL of PMN suspensions (2 × 106 cells/mL) was mixed with an equal volume
of bacterial cell suspensions in RPMI with 20% FCS. Mixtures with a bacterial/PMN ratio of
3, 6, 12, 25, 50, 100, and 200 were prepared and incubated at 37 ◦C in air with 5% CO2 for 2 h.
The leukocytes were pelleted by centrifugation (250× g for 5 min), and the activity of lactate
dehydrogenase released in the supernatant was determined [31]. The positive and negative
controls were PMN lysed with 0.1% Triton X-100 and PMN only in RPMI, respectively.

A leukotoxicity assay was run in triplicate in a 96-well flat-bottomed microtiter plate.
The reaction mixture contained 20 μL sample (supernatant from the centrifuged mixtures)
and 180 μL LDH-buffer (0.1 M sodium phosphate buffer pH 7.0, with 2 mM Na-pyruvate
and 0.154 mM NADH-Na). The activity of LDH was monitored at room temperature in
a spectrophotometer (Multiscan MCC/340, Labsystems Diagnostic Oy, Vantaa, Finland)
by continuously measuring the change in absorbance at 340 nm, indicative of NADH
oxidation, for 2–5 min. The LDH activity of each sample was recorded as the decrease in
absorbance/minute (DA) and the relative leukotoxicity (RL) of each sample was expressed
in percent (%) and calculated by the formula:

RL (%) = 100 × (DAsample − DAneg.control)/(DApos.control − DAneg.control) (1)

3. Results

3.1. Bacterial Growth

The estimation of bacterial growth in two different culture media did not show any
substantial differences among the four tested bacterial strains (Figure 1). All strains reached
the stationary phase of growth after 9–11 h of incubation at 37 ◦C.

The generation time for each bacterial strain in both culture media was calculated and
presented in Table 2.
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Figure 1. Growth curves in PYG and BM broths of the four bacterial strains. The growth was
determined by the change in the optical density of the culture at 600 nm (OD600).

3.2. Cell Surface-Associated LtxA

The extraction of leukotoxin from bacterial cells showed that strains HK 1519 and Y4
produced high amounts of LtxA during the log phase. The LtxA production by the NCTC
9710 and SUNY ab75 strains was very low or undetectable. During the stationary phase,
the HK 1519 strain exhibited more LtxA per bacterial cell than during the log phase, while
Y4 showed no change in its content of leukotoxin.

In the log phase, both HK 1519 and Y4 had more leukotoxin associated with the
bacterial cells in PYG than in BM. On the other hand, during the stationary phase, strain
HK 1519 released more leukotoxin in PYG than in BM, while Y4 had more leukotoxin in BM
media compared with PYG (Figure 2 and Table 3). Within the quantitative limitations of the
method, the JP2 genotype (strain HK 1519) appeared to continue producing high amounts
of LtxA also in the stationary phase of growth, while a more variable LtxA production was
observed in the other non-JP2 strains (Table 3). This phenomenon seemed most pronounced
in PYG broth.

 

Figure 2. Cell surface-associated LtxA extracted from A. actinomycetemcomitans strains cultured in
PYG or BM broth. The cells were harvested during the logarithmic (A) or stationary (B) phases of
growth. The leukotoxin appears as a protein band at the 116 kDa position (arrow) in SDS-PAGE (8%).
Data from representative experiments are shown.
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Table 3. Leukotoxin content of extracts from bacteria cultured in two different media and harvested
during the logarithmic or stationary phases of growth. The amount of leukotoxin was determined by
densitometric analysis (OD × mm2) of the LtxA band in the SDS-PAGE of the extracts. Data from
two experiments (Exp. 1 and Exp. 2) with each strain are presented.

Strain

PYG Broth BM Broth

Logarithmic Stationary Logarithmic Stationary

Exp. 1 Exp. 2 Exp. 1 Exp. 2 Exp. 1 Exp. 2 Exp. 1 Exp. 2

NCTC 9710 0.14 0.68 0.73 0.67 −0.02 0.94 1.33 0.81
HK1519 2.85 4.72 19.7 8.75 2.54 1.62 7.65 7.10
SUNY ab75 0.25 0.17 0.71 0.68 0.74 0.64 0.91 1.51
Y4 3.81 1.52 1.24 1.61 1.66 1.87 3.08 2.79

An abundance of LtxA compared with the other proteins in the cell extracts from the
JP2 genotype was observed (Figure 2). The analysis of leukotoxin precipitated from the
supernatants of the different bacterial cultures showed very low or no detectable amount
of leukotoxin in SDS-PAGE gels.

The immunoblotting of gels with the SDS-PAGE separated extracts showed a high
specificity of the polyclonal leukotoxin antiserum for the 116 kDa protein band (Figure 3).
The amino acid sequence analyses of this protein band showed a complete sequence
homology with A. actinomycetemcomitans LtxA, (accession number P16462, https://www.
uniprot.org/uniprotkb/P16462/entry, accessed on 7 January 2015).

 

Figure 3. Western blot analysis (with polyclonal rabbit LtxA antiserum) of cell surface-associated
LtxA extracted from A. actinomycetemcomitans strains cultured in PYG or BM broth. The cells were
harvested during the logarithmic (A) or stationary (B) phases of growth. Data from representative
experiments are shown. The leukotoxin appears at the 116 kDa position (arrow).

3.3. LtxA Released in the Culture Broth

The detection of LtxA released into the growth broth was accomplished by the im-
munoblotting of the proteins precipitated from the culture supernatants and separated by
SDS-PAGE, as described above.

The immunoblot revealed antiserum reactivity with proteins precipitated only from
BM culture supernatants (Figure 4). The antibodies bound to the protein band with the
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molecular weight of leukotoxin and to protein bands at positions of lower or higher
molecular weights ranging between 70 and >200 kDa.

 

Figure 4. Western blots of proteins precipitated from culture supernatants of various A. actino-
mycetemcomitans strains and separated by SDS-PAGE before being exposed to polyclonal rabbit LtxA
antiserum. The supernatants were collected during the logarithmic or stationary phases of growth in
PYG (A) or BM (B) broth. Data from representative experiments are shown.

3.4. Screening of Leukotoxicity by the Cytolytic Assay

The LtxA-induced lysis of human PMNs showed that the JP2 genotype (strain HK1519)
exhibited the highest activity irrespective of the culture condition (Figure 5). Strain Y4 also
showed leukotoxic activity; however, it was lower than that of the JP2 genotype.

Figure 5. Relative leukotoxicity of A. actinomycetemcomitans HK1519 and Y4 grown in PYG or BM
broth and harvested during the logarithmic (grey bars) or stationary (black bars) phases of growth.
The leukotoxic activity was examined at various ratios of bacteria/PMN.

At a ratio of 200 bacteria/PMN, the RLs of HK1519 cells from the logarithmic and
stationary growth phases were 60% and 85%, respectively. The corresponding RLs of strain
Y4 were lower, ranging from about 20 to 30% (Figure 5).

In all experiments, the leukotoxicity of strains NCTC 9710 and Suny ab75 was some-
what lower compared to the one of strain Y4, and it reached detectable levels under the
conditions displayed in Figure 6.
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Figure 6. Leukotoxicity of A. actinomycetemcomitans strains NCTC 9710 and SUNY ab75 under
different growth conditions. Mean ± SD of three replicates.

4. Discussion

It is evident from the present findings that the growth conditions may affect the
leukotoxicity of A. actinomycetemcomitans, which may partly explain the discrepancies
in leukotoxin production and leukotoxicity observed for the same strains by various
researchers. Both the composition of the culture medium and the phase of growth at which
the bacteria were harvested influenced the relative leukotoxicity; however, strain-dependent
patterns were found. Although the leukotoxicity of the non-JP2 genotype strains showed a
tendency to be slightly increased in cultures from BM broth, the highest leukotoxic activity
is to be expected with all strains when grown in the absence of blood or serum proteins,
such as in PYG broth, due to the minimal loss of the toxin from the bacterial surface into the
culture medium. Except for the JP2 genotype, which continued its high LtxA production
during the stationary phase of growth, the other strains exhibited higher or equally high
leukotoxic activity during the logarithmic phase than during the stationary phase of growth.
It is worth noting that in the studies mentioned above, A. actinomycetemcomitans was
cultured on agar media supplemented with blood or serum, usually for 48 h, before
assaying the leukotoxicity. These conditions probably had a considerable impact on the
outcome of these studies.

The culture broths studied have a chemically non-defined composition and are widely
used for the cultivation of oral bacteria. The two broths supported the growth of all strains
tested, and no significant difference was found in either the generation time, the duration
of the lag phase, or the final cell density when the cultures reached the stationary phase
of growth. Thus, the variation in leukotoxicity cannot be attributed to differences in the
growth pattern.

The main difference between PYG and BM broth is the presence of hemin, vitamin K,
and horse serum in the latter. Judging from the equally good growth of all strains in both
media, it may be suggested that these supplements do not cover the nutritional demands
of A. actinomycetemcomitans, as also shown elsewhere [32]. Serum was thought to support
growth and was used in selective media to secure good growth upon primary cultivation;
however, the opposite effect was observed [33]. Supplementing BM with these compounds
was originally suggested to support the growth of fastidious anaerobes such as Prevotella
and Porphyromonas species, formerly classified as Bacteroides species [30,34,35].

Despite the similar growth in the two broths, a consistent difference in the release
of LtxA from the bacterial cells appears to occur with all strains, with the release being
more extensive in BM cultures. The release of membrane-bound active LtxA, both as free
molecules and incorporated in outer membrane vesicles, was previously shown to occur
upon a 1 h incubation of the bacteria with human serum or serum albumin at 4 ◦C, with the
release being concentration-dependent [27]. Possibly, the horse serum in BM has a similar
effect on the release of the toxin.
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In the previous study [27], the leukotoxic activity of the JP2 genotype was also exam-
ined with cultures in PYG supplemented with various concentrations of human serum.
Intact LtxA and other protein bands of smaller molecular weight that reacted with LtxA-
antiserum were detected both in the samples of culture supernatants and the cell extracts.
However, the preparations lacked leukotoxic activity even from cultures with low serum
concentrations (5%), which could possibly depend on the degradation and inactivation of
LtxA by the components of the human serum. This was not observed in this study, which
may indicate important differences between the inactivated horse serum used in BM and
the human serum previously studied.

The Y4 strain seems to produce more LtxA, either released in the medium or kept
bound to the bacterial cells, when grown in BM than in PYG. As mentioned, a strain-
dependent pattern appears to exist in LtxA production, with the pattern being influenced
by the medium composition. Possibly, these strains may respond to small molecules and
nutritional cues of their environment with an altered virulence expression, as also observed
with other periodontopathogens [36].

In accordance with previous observations, the JP2 genotype (strain HK1519) of
A. actinomycetemcomitans exhibited a much higher LtxA production than the non-JP2
genotypes [17]. Moreover, the present results indicate that the enhanced LtxA produc-
tion by the JP2 genotype is more pronounced during the stationary phase of growth. This
strain continued to accumulate LtxA bound to the outer membrane, while the non-JP2 geno-
type (strain Y4) already reached maximal LtxA content in the late logarithmic growth phase.
This is opposite to the large previously reported reduction in LtxA expression in the JP2
genotype when approaching the stationary phase of growth [37]. Differences in the culture
conditions may be responsible for the discrepant results, as already mentioned above.

Some authors suggested an enhanced pathogenic potential of A. actinomycetemcomi-
tans strains belonging to serotype b due to their increased LtxA production [4,38]. LtxA
induces a substantial pro-inflammatory response in macrophages by targeting the NLRP3
inflammasome [7,39]. The genotyping of serotype b isolates revealed a subgroup with
high virulence [40]. More recently, a genetic marker, the cagE gene, was identified for
this subgroup [15], which includes the JP2 genotype and about one-third of the non-JP2
serotype b isolates with shared properties of high LtxA production and pathogenicity [16].
The serotype b strain Y4 lacks the cagE gene [16]. This genetic difference between the two
serotype b strains HK1519 and Y4 agrees with the large difference in their LtxA production
as presently found. It remains to be discovered whether the cagE gene has a role in the
enhanced LtxA production and virulence associated with this genotype [15,16].

Extrapolating these in vitro findings to the clinical situation, it seems plausible to
expect that the nutritional environment of the inflamed periodontal pocket favors the pro-
duction and release of LtxA by A. actinomycetemcomitans. Especially, strains characterized
as heavy LtxA producers, such as those of the JP2 genotype, might stably express this viru-
lence factor at maximum capacity, irrespective of their growth phase. The high pathogenic
potential ascribed to the JP2 genotype [41,42] and to other strains of the cagE subgroup is
probably potentiated by the enhanced release of the toxin from the bacterial surface, due
to the presence of serum compounds. Depending on the proteolytic activity of the envi-
ronment, the free LtxA may be degraded and lose its toxicity [28,29] or remain intact. The
higher the production and release of LtxA, the higher the amount of intact toxin molecules
that may diffuse into the neighboring soft tissue and trigger inflammatory reactions or kill
defense cells [6,43]. The present study supports this hypothesis of the pathogenic potential
of specific A. actinomycetemcomitans strains and the possible mechanisms.
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38. Yang, H.W.; Asikainen, S.; Doğan, B.; Suda, R.; Lai, C.H. Relationship of Actinobacillus actinomycetemcomitans serotype b to

aggressive periodontitis: Frequency in pure cultured isolates. J. Periodontol. 2004, 75, 592–599. [CrossRef]
39. Kelk, P.; Johansson, A.; Claesson, R.; Hanstrom, L.; Kalfas, S. Caspase 1 involvement in human monocyte lysis induced by

Actinobacillus actino-mycetemcomitans leukotoxin. Infect. Immun. 2003, 71, 4448–4455. [CrossRef] [PubMed]
40. Asikainen, S.; Chen, C.; Slots, J. Actinobacillus actinomycetemcomitans genotypes in relation to serotypes and periodontal status.

Oral Microbiol. Immunol. 1995, 10, 65–68. [CrossRef] [PubMed]
41. Haubek, D.; Ennibi, O.-K.; Poulsen, K.; Væth, M.; Poulsen, S.; Kilian, M. Risk of aggressive periodontitis in adolescent carriers of

the JP2 clone of Aggregatibacter (Actinobacillus) actinomycetemcomitans in Morocco: A prospective longitudinal cohort study. Lancet
2008, 371, 237–242. [CrossRef]

42. Krueger, E.; Brown, A.C. Aggregatibacter actinomycetemcomitans leukotoxin: From mechanism to targeted anti-toxin therapeutics.
Mol. Oral Microbiol. 2020, 35, 85–105. [CrossRef] [PubMed]

43. Johansson, A.; Kalfas, S. Virulence mechanisms of leukotoxin from Aggregatibacter actinomycetem-comitans. In Oral Health Care,
Prosthodontics, Periodontology, Biology, Research and Systemic Conditions; IntechOpen: London, UK, 2012; Volume 2, pp. 165–192.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

90



Citation: Mintz, K.P.; Danforth, D.R.;

Ruiz, T. The Trimeric Autotransporter

Adhesin EmaA and Infective

Endocarditis. Pathogens 2024, 13, 99.

https://doi.org/10.3390/

pathogens13020099

Academic Editor: Daniel H. Fine

Received: 11 December 2023

Revised: 18 January 2024

Accepted: 22 January 2024

Published: 23 January 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

pathogens

Review

The Trimeric Autotransporter Adhesin EmaA and
Infective Endocarditis †

Keith P. Mintz 1,*, David R. Danforth 1 and Teresa Ruiz 2

1 Department of Microbiology and Molecular Genetics, University of Vermont, Burlington, VT 05405, USA;
david.danforth@cuanschutz.edu

2 Department of Molecular Physiology and Biophysics, University of Vermont, Burlington, VT 05405, USA;
teresa.ruiz@uvm.edu

* Correspondence: keith.mintz@uvm.edu
† Dedicated to the memory of Javier Ruiz Rejas.

Abstract: Infective endocarditis (IE), a disease of the endocardial surface of the heart, is usually of
bacterial origin and disproportionally affects individuals with underlying structural heart disease.
Although IE is typically associated with Gram-positive bacteria, a minority of cases are caused by a
group of Gram-negative species referred to as the HACEK group. These species, classically associated
with the oral cavity, consist of bacteria from the genera Haemophilus (excluding Haemophilus influenzae),
Aggregatibacter, Cardiobacterium, Eikenella, and Kingella. Aggregatibacter actinomycetemcomitans, a
bacterium of the Pasteurellaceae family, is classically associated with Aggressive Periodontitis and is
also concomitant with the chronic form of the disease. Bacterial colonization of the oral cavity serves
as a reservoir for infection at distal body sites via hematological spreading. A. actinomycetemcomitans
adheres to and causes disease at multiple physiologic niches using a diverse array of bacterial cell
surface structures, which include both fimbrial and nonfimbrial adhesins. The nonfimbrial adhesin
EmaA (extracellular matrix binding protein adhesin A), which displays sequence heterogeneity
dependent on the serotype of the bacterium, has been identified as a virulence determinant in the
initiation of IE. In this chapter, we will discuss the known biochemical, molecular, and structural
aspects of this protein, including its interactions with extracellular matrix components and how this
multifunctional adhesin may contribute to the pathogenicity of A. actinomycetemcomitans.

Keywords: bacterial adhesin; collagen interactions; electron tomography; 3D structure; biofilm

1. Infectious Endocarditis

Infective endocarditis (IE) is initiated by the exposure of the underlying extracellular
matrix of the cardiac valve surface due to physiological perturbation of the valve. Damage
to the endothelium and exposure of the matrix leads to the binding and activation of
circulating platelets, resulting in fibrin deposition, the product of blood coagulation. In
the presence of transient bacteremia, bacteria can bind to the underlying matrix proteins
or platelets to ultimately form an infective mass or “vegetation” composed of serum
components and bacteria, which disrupts the normal flow of the blood through the heart [1].

The majority of bacterial IE cases are attributable to Gram-positive Streptococci, Staphy-
lococci, and Enterococci species [1]. However, in up to 6% of the cases, the HACEK group
of bacteria has been identified as the causative agents [2]. These species, classically as-
sociated with the oral cavity, consist of bacteria from the genera Haemophilus (excluding
Haemophilus influenzae), Aggregatibacter, Cardiobacterium, Eikenella, and Kingella [3,4]. IE
caused by the HACEK group of bacteria affects younger individuals and is more likely
to be community-acquired than nosocomial [2,5]. These microorganisms can be detected
using modern blood culture methods [6], although they may also cause “culture-negative”
endocarditis, an infection from which no organisms can be isolated [5]. Among these
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Gram-negative organisms, Haemophilus and Aggregatibacter were the predominant genera
in causing IE [7,8].

2. A. actinomycetemcomitans Physiology

A. actinomycetemcomitans are coccobacillus with shapes ranging from nearly cocci
(0.5 μm × 0.6 μm) to bacilli (0.5 μm × 1.5 μm), depending on the culture conditions and
bacterial growth phases. In contrast to most Gram-negative bacteria, which display smooth
or flat outer membrane surfaces (e.g., Enterobacteriaceae), the outer membrane of the
Pasteurellaceae and Moraxellaceae families displays a convoluted or corrugated morphol-
ogy [9–11] (Figure 1A). The topography of the outer membrane of A. actinomycetemcomitans
was described by utilizing 3D electron tomography of negatively stained bacterial prepa-
rations and using atomic force microscopy [9]. Analysis of the section profiles provided
detailed information about the dimensions of the bacterial cell surface convolutions: the
grooves were 12.4 ± 1.3 nm in depth and approximately 100–150 nm in diameter with a
distance between grooves ranging from 65 to 165 nm. The outer membrane convolutions of
A. actinomycetemcomitans, however, do not mirror the topography of the inner membrane,
which presented a flat appearance, lacking convolutions (Figure 1B,C). The greater outer
membrane surface area afforded by the convolutions may represent a selective advantage
in nutrient acquisition for A. actinomycetemcomitans in the oral cavity. Furthermore, the dis-
similarity between the inner and outer membranes may impose restrictions in the secretion
and presentation of outer membrane proteins on the bacterial cell surface.
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OM 
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Figure 1. Bacterial cell surface of A. actinomycetemcomitans: (A) transmission electron micrograph of
whole-mount preparations. (B) Central slice of a tomogram of ultrathin sections after high-pressure
freezing and freeze substitution. (C) Segmentation of a small area of the inner (IM) and outer (OM)
membranes from the tomogram. Bar, 100 nm. Adapted from [9].

The rugose morphology is attributed to the presence of a large (141 kDa) inner mem-
brane protein, Morphogenesis protein C (MorC), that was first identified in A. actino-
mycetemcomitans and named for its effect on the outer membrane morphology, as visualized
using transmission electron microscopy [10]. The absence of MorC in the cell membrane of
A. actinomycetemcomitans results in a bacterium with a smooth outer membrane appearance
when visualized using 2D electron microscopy [9,10]. The wild-type bacterial cell exhibits
a higher curvature of the outer membrane and a periplasmic space with a two-fold larger
volume/area ratio when compared to the MorC mutant, as revealed using 3D electron
tomography and atomic force microscopy [9]. In addition to changes in the outer mem-
brane morphology, the inactivation of morC also resulted in a reduction in leukotoxin
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secretion in A. actinomycetemcomitans [10,12]. Concomitant with a reduction in leukotoxin is
a reduction in cell size, an increase in autoaggregation, [10] and an increased sensitivity to
membrane-destabilizing agents [13]. These pleiotropic effects are associated with changes
in the abundance of multiple proteins in the membrane, including chaperones, oxidative
stress response proteins, and components of the fimbrial secretion system [14]. A reduction
in fimbrial subunit secretion results in a decreased number of fimbriae observed on the
surface of the mutant strain and in an altered biofilm microcolony architecture [13].

In other organisms, the MorC homologs are involved in autotransporter protein
incorporation into the outer membrane. However, in A. actinomycetemcomitans, there
appears to be no impact on the autotransporter abundance in the morC mutant strains [12].

3. A. actinomycetemcomitans Interactions with Collagen

Bacterial colonization of the oral cavity serves as a reservoir for infection at distal
body sites via hematological spreading, and poor dental health is a known risk factor for
IE [15]. As stated above, IE is initiated due to the exposure of the extracellular matrix
underlying the endothelium of the cardiac valve. The major component of the extracellular
matrix is collagen, present in 28 different types. All collagens are composed of three
polypeptide chains coiled around each other into a triple helical conformation [16]. The
most abundant types of collagens include types I-III, V, and XI, which are categorized
as banded or fiber-forming collagens [16]. Type IV collagen, which differs in structure
from the fiber-forming collagens, is the major component of the basement membrane [16].
Less abundant non-collagenous proteins include the highly glycosylated proteins laminin
and fibronectin, proteoglycans containing protein-bound glycosaminoglycan chains, and
unique proteins found associated with specific tissues [17].

A common theme among both Gram-positive and Gram-negative pathogens is the
ability to bind to proteins of the extracellular matrix [18]. A. actinomycetemcomitans has been
found in the deep connective tissue, in contact with the collagen fibers of the periodontium
of individuals afflicted with the aggressive form of the disease [19,20], which suggests that
this bacterium interacts with collagen fibers. Studies indicate that A. actinomycetemcomitans
binds to multiple types of immobilized, acid-solubilized collagen (types I–III and V) but
not basement membrane type IV [21]. Furthermore, this organism also binds to fibronectin
and laminin [21,22], additional components of the ECM.

4. Extracellular Matrix Protein Adhesin A (EmaA)

Bacterial outer membrane proteins were found to be essential to the interactions with
the extracellular matrix [21], and several genes associated with binding to ECM proteins
were identified following the screening of a transposon mutant library [21]. Disruption of a
novel 5895 base pair open reading frame was identified in mutants that demonstrated a
significant decrease in type V collagen binding, the collagen type found in abundance in
cardiac tissue [23]. The gene product was deduced to code for a 1965 amino acid protein
(202 kDa). Antibodies specific to the protein confirmed the presence of a protein of this
mass associated with the outer membrane of A. actinomycetemcomitans [24]. The gene was
designated as extracellular matrix protein adhesin A (emaA).

The EmaA protein is unique to A. actinomycetemcomitans [24]. However, sequence
analysis suggested that EmaA belongs to a class of nonfimbrial oligomeric coiled-coil
adhesins [25] or trimeric autotransporter adhesins [26], a subclass of type V secreted
proteins [27] of which YadA of the Yersinia species is the prototypic protein. The monomer
molecular mass of 202 kDa makes EmaA one of the larger members of this family of
proteins, compared with YadA (42 kDa), UspA1 (83 kDa), UspA2 (60 kDa), Hia (114 kDa),
and BadA (340 kDa) [28–31]. In contrast to YadA, UspA1/UspA2, and BadA, which are
expressed at high densities on the bacterial surface [32], EmaA is sparsely distributed on the
surface and can be more easily found at the apical end of the bacterium [33–36] (Figure 2A).
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Figure 2. EmaA structure: (A) transmission electron micrograph of EmaA appendages acquired
from a whole-mount preparation of a nonfimbriated bacterium showing the typical bends of the
adhesin. Bar, 20 nm. Black arrows point to the most characteristic bend. (B) Surface representation
of the 3D structure of the functional domain of EmaA obtained using electron tomography and
subvolume averaging. (C) Cartoon with the corresponding amino acids. Only the head (57–627) and
portion of the stalk domains are presented in (B) and (C). I, II and III represent subdomains SI-SIII; N:
NH2-terminus of the polypeptide; SP: signal peptide; 57 is the start of the polypeptide after cleavage
of the signal peptide; 425 and 628 represent the start amino acids of the neck sequences. Bar, 5 nm.
Adapted from [35].

The prototypical EmaA structure consists of three identical subunits, assembled on
the bacterial outer membrane, which form antenna-like structures of 3–5 nm in diameter,
projecting at least 150 nm away from the bacterial surface (Figure 2A) [34]. These structures
are absent in strains following the disruption of the gene sequence [34]. Three-dimensional
structures of the canonical serotype b EmaA, using by 3D electron tomography and image
processing, indicated that the antenna-like structure is composed of multiple domains,
including an ellipsoidal-shaped head domain at the distal end of the structure, and a long
stalk, which is connected to a flexible neck region [34]. The collagen-binding activity is
attributed to the head domain, which corresponds to amino acids 57–627 of the monomer
and encompasses the most apical 30 nm of the antennae-like structures [33,35,36]. The head
domain is composed of three subdomains: a globular subdomain I (amino acids 57–225)
with a diameter of ~5 nm; a cylindrical subdomain II (~4.4 × 5.8 nm, amino acids 225–433);
a narrow linker with a diameter of ~3 nm; followed by another cylindrical subdomain III
(~4.6 × 6.6 nm, amino acids 433–627) [33,36] (Figure 2B,C). Adjacent to the head domain
is a rod-like stalk that adopts either a straight or a bent conformation at various positions
along the length of the stalk structure [34,35]. The flexibility in the angular orientation of
the stalk relative to the head domain is suggested to be required for optimal positioning of
the functional domain to interact with collagen fibers [35].
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5. EmaA Interactions with Collagen

The collagen-binding properties of EmaA were investigated utilizing acid-solubilized
collagen either bound to plastic wells or embedded into an artificial basement membrane
extracellular environment [37]. Since these preparations do not adequately represent the
native collagen of animal tissue, isolated mouse heart valves were utilized as a represen-
tative of the in vivo conditions. The extracellular matrix (ECM) protein composition and
stratification of the heart valves are conserved between humans and rabbits [38]. In this
model system, both the wild-type and an isogenic emaA mutant bacteria had similar affinity
for the tissue when the endothelium was left intact. However, following enzymatic removal
of the endothelium, the mutant showed a 5–10-fold reduction in binding to the exposed
underlying ECM, as compared with the wild-type bacteria. This finding indicates that
EmaA plays a major role in the interaction of A. actinomycetemcomitans with native collagen.

The association of EmaA binding to native collagen and potentially binding to the heart
valves in vivo was investigated using a well-established rabbit model for endocarditis [39].
In this model, a catheter is introduced from the carotid artery to past the aortic valve to
induce minor damage in the valve tissue, resulting in the formation of sterile vegetation
composed mostly of platelets and fibrin, in the absence of bacteria. Bacteria are typically
injected into the animal 48 h post catheterization. Visible vegetation was formed in all
three rabbits 72 h after inoculation with 1.5 or 15 × 107 CFU of the bacterium. However,
few, if any, bacteria were recovered from the vegetation. This is in sharp contrast to the
high recovery rate typically obtained for Streptococci [40] and Staphylococci [41,42]. Taken
together, these observations suggested that A. actinomycetemcomitans directly attaches to the
damaged valve tissue rather than to the vegetation. In subsequent experiments, the rabbits
were either singly or repeatedly inoculated with the bacterium at different time points either
immediately or/and 48 h after catheterization [38]. The animals were euthanized ~3 h
after the second inoculation and the entire aortic valves, as well as any visible vegetation,
were isolated for bacterial recovery. The vegetation appeared smaller than in the prior
experiment and A. actinomycetemcomitans was recovered, supporting the higher affinity of
the bacterium for ECM molecules over the proteins composing the vegetation (e.g., fibrin).

In vivo competition studies were conducted using equal inoculum of wild-type and
emaA isogenic mutants utilizing the modified time of inoculation in the rabbit model system.
The rabbits were euthanized, and the aortic valve leaflets and any visible vegetation were
removed, homogenized, and cultured onto growth media with and without the presence of
antibiotics [38]. The competition index (CI) was calculated, and the value was determined
to an order of magnitude less than 1 (1 indicating no difference in competitiveness between
the mutant and wild-type strains). The data suggest that the emaA mutant colonized the
traumatized heart valve approximately 10-fold less effectively than the wild-type strain,
suggesting that this adhesin is a virulence determinant of A. actinomycetemcomitans involved
in the initiation of infective endocarditis.

The fine structural details of the interaction of EmaA and collagen were analyzed
using 3D electron tomography and image processing techniques and using reconstituted
bacterial adhesin/small collagen fiber complexes (Figure 3A) [43]. Analysis of the extracted
subvolumes containing the EmaA functional domain interacting with collagen (Figure 3B)
indicated that although all three subdomains (SI, SII, and SIII) of EmaA mediate the
interaction, SII and SIII are more often found bound to collagen. Subdomain SII showed
stronger interactions with the collagen fiber than subdomain SIII, and occasionally the
tip of the apical domain SI was involved in the interactions [43]. The number of EmaA
adhesins exhibiting a bend between subdomains SII and SIII (the linker region) in the
bound state is higher than for the unliganded adhesin [36,43]. This bend is evocative of the
one observed in the G162S EmaA substitution mutant (Subdomain SI) that could not bind
collagen efficiently [33,35], which indicates that the G162S mutant adhesin is locked into a
bound conformation. Furthermore, EmaA binds to collagen fibrils in a different manner
than Gram-positive bacteria following either the dock, lock, and latch model [44] or the
collagen hug model [45]. The EmaA/collagen interaction agrees more closely with the
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model proposed for the binding of YadA to collagen [46]. In this model, the interaction is
governed by the electrostatic forces between the collagen fibrils and the charged residues
of the trimeric YadA surface.

 

A B 

Figure 3. Interactions of A. actinomycetemcomitans with collagen visualized using electron microscopy.
(A) Low-magnification micrograph. Arrows point to the EmaA adhesin. Bar, 0.25 nm. (B) Segmenta-
tion of the 3D reconstructions of the functional domain of EmaA bound to collagen. Collagen (yellow)
and EmaA (blue). Bar, 10 nm. Adapted from [43].

6. Secretion of EmaA and Cell Surface Expression

Proteins either targeted to the membrane or secreted into the environment are trans-
ported from the site of synthesis in the cytoplasm (by ribosomes) through the inner
membrane and the periplasm and toward the outer membrane or the extracellular space.
Therefore, Gram-negative bacteria utilize multiple protein secretion machineries, termed
secretion systems, for transport [27,47,48]. Secretion systems are composed of protein
complexes responsible for facilitating the transport of polypeptides across membranes and
the periplasmic space. In the general secretory pathway, proteins are transported across
the inner membrane by the Sec translocon and contain a signal peptide that indicates the
protein is to be released into the periplasmic space [48]. Concomitant with translocation
to the periplasm, the signal peptide is cleaved by a signal peptidase [49]. Periplasmic
chaperones protect the protein from degradation on its way to the outer membrane [50].

Proteins secreted via the type V secretion system, which is dependent on the Sec
translocon, encode all of the information necessary to catalyze transport across the outer
membrane, giving them the name “autotransporters” [27]. This is accomplished by
two main domains: the translocator domain (also known as the beta domain) and the
passenger domain. The translocator domain may be composed of a single polypeptide
(as is the case for monomeric autotransporters, type Va) or three polypeptides in the case
of trimeric autotransporters, type Vc [51]. In both cases, the translocator domain inserts
into the outer membrane and catalyzes the transport of the passenger domain through
the outer membrane with assistance from the beta-barrel assembly module (BAM) com-
plex [27,52,53]. After transport through the pore, the passenger domain is exposed to the
extracellular environment. This process requires no energy and is independent of other
protein factors [27].
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The signal peptide of the majority of secreted proteins is found in the amino terminus of
the protein. These peptides exhibit limited sequence similarity but are composed of clusters
of charged or hydrophobic amino acids that are required for interaction with the protein
secretory machinery in the cytoplasm [54]. Typical signal peptides are divided into three
regions, containing a variable number of amino acids. An uncommon number of charged
amino acids, located following the start methionine, constitute the N region, followed by
a region of hydrophobic amino acids (H region) adjacent to a sequence containing the
cleavage site for the inner-membrane-bound signal peptidase (C region). The later region
contains small, slightly polar amino acids at the −1 and −3 positions of the signal peptide
cleavage site [55].

A typical signal peptide contains between 15 and 25 amino acids [54]. However,
algorithms predicted a signal peptidase cleavage site between amino acids 56 and 57 of the
EmaA sequence [56]. Studies utilizing signal peptide fusion constructs with alkaline phos-
phatase lacking a functional signal peptide demonstrated that the first 56 amino acids acted
as a signal to target the protein for translocation across the inner membrane [56] (Figure 4).
Proteins containing long signal peptides are usually found in eukaryotes; however, they
have also been observed in viral and other bacterial autotransporter proteins [57,58]. The in-
dividual EmaA monomers are transported to the Sec translocon via a chaperone-dependent
pathway, and a specific sequence within the extended signal peptide is required for the
proper secretion of EmaA at elevated temperatures that mimic the physiological temper-
atures the bacterium encounters during inflammation [56,59]. Following translocation
and cleavage of the signal peptide, the carboxyl termini of the three EmaA monomers
interact with the inner leaflet of the outer membrane and form a transmembrane pore for
the presentation of an intact structure on the surface of the bacteria (Figure 4).
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Figure 4. Type V secretion system of a trimeric autotransporter. Bam: β-barrel assembly machinery;
EmaA: extracellular matrix protein adhesin A; SecYEG: complex of the general secretion system;
SecA: ATPase motor protein associated with SecYEG.
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7. A. actinomycetemcomitans Serotypes and the Molecular Heterogeneity of EmaA

Bacterial serotypes are dependent on the composition of the lipopolysaccharide (LPS)
expressed on the surface of the bacterium. Seven serotypes (a–f) have been identified for
A. actinomycetemcomitans [60]. Phylogenetic analysis of the emaA DNA sequences revealed
that A. actinomycetemcomitans strains can be segregated cleanly into two clusters based
upon serotype [61]: one cluster comprises serotypes b and c, while the remaining serotypes
comprise the other [37]. Perhaps not coincidentally, EmaA is expressed as two isoforms,
which are correlated with the serotype of the bacterium (Figure 5). Serotypes b and c
express the cognate full-length isoform (b-EmaA, 202 kDa monomers), whereas serotypes
a and d express an intermediate isoform, which is a shorter variant of EmaA containing
a 279-amino-acid deletion (a-EmaA, 173 kDa monomers) [37]. Moreover, in some strains,
point mutations in the DNA sequence result in truncated proteins, which are not expressed
on the surface of the bacterium [37]. Both molecular isoforms of the protein (full-length
and intermediate) bind to collagen [62].

Figure 5. Molecular forms of EmaA proteins. Two forms of EmaA are shown: full-length and
intermediate, which lacks 279 amino acids after the first neck sequence at amino acid 425. The
full-length EmaA was found mainly in serotypes b and c while the intermediate EmaA was only
present in serotypes d and a. Numbers correspond to amino acid number of the predicted protein. N:
NH2-terminus of the polypeptide; SP: signal peptide; MAD: membrane anchor domain; C: COOH-
terminusof the polypeptide. The whole polypeptide is represented as green with specific motifs
colored as indicated in the legend.

LPS is synthesized utilizing a well-defined sequence of enzymatic reactions, which
include enzymes associated with sugar synthesis, an ABC sugar transport protein (wzt),
and an O-antigen ligase (waaL) [63] (Figure 6). The enzymes in this pathway have been
identified in A. actinomycetemcomitans [64–66]. Interestingly, genetic and pharmacological
studies disrupting O-PS synthesis in both the serotype a and b strains revealed changes
in the mass of the protein monomers (as visualized by a change in the electrophoretic
mobility of the monomers) and a reduction in the amount of EmaA associated with the
membrane [64]. In addition, a lectin specific to one of the serotype b O-PS sugars was
demonstrated to bind to the protein [64]. These experiments suggest that: (1) EmaA is a
glycoprotein modified with the sugars associated with the O-antigen and (2) EmaA utilizes
the same enzymatic mechanism for post translational modification as the O-antigen does
for conjugation to the LPS core oligosaccharide.

Additional experiments [67] have clearly demonstrated that A. actinomycetemcomitans
waaL is required for the collagen-binding activity associated with EmaA and suggests
that the ligase activity is important for conferring changes in the structure of this adhesin
important for collagen binding.
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Figure 6. Model for the hypothetical glycosylation pathway for the trimeric autotransporter adhesin
EmaA. IM: inner membrane; OM: outer membrane; LPS: lipopolysaccharide; Fuc: fucose, Rha:
rhamnose; Gal: galactose; Wzt: ABC sugar transport protein; RmlC: rhamnose epimerase; WaaL:
O-antigen ligase.

Genetic and biochemical studies suggest that glycosylation is required for collagen
binding and the stability of the protein [64,68]. A structural analysis using 3D electron
tomography, iterative multireference alignment algorithms and 3D classification [62,69–72]
of glycosylation-deficient mutants enables the determination of the structural role of this
modification in collagen binding. The 3D structures of the functional domain of EmaA
from mutant strains with glycosylation disrupted at two different stages—the rmlc mutant,
which does not express the rhamnose epimerase, and the waaL mutant, which lacks the
O-antigen ligase—were analyzed [70,73,74]. The structural studies of the EmaA adhesins
expressed in the mutant strains suggest that glycosylation is important to maintaining the
overall structural stability of the adhesin and, specifically, the proper conformation of the
functional domain. Glycosylation-deficient mutant strains exhibit far fewer EmaA adhesins
on the bacterial surface than the wild-type strain, which is consistent with previous protein
immunoblot and mRNA expression analysis results [64,75]. In addition, the adhesins
seem to “hug” the cell surface, which might ensue from modifications to the electrostatic
properties of both surfaces, thus supporting YadA-like interactions with collagen. The
averages from all the groups demonstrate that the mutant strain adhesins lack the three-fold
symmetry characteristic of the wild-type strain and manifest a high degree of flexibility.
An apparent difference between the mutant and wild-type adhesins is the overall reduced
density in the structures expressed in the glycosylation mutant strains.

Subtomograms encompassing the EmaA functional domain of the rmlc mutant strain
were separated into eight subgroups (G1–G8), with memberships ranging from 18% to
6% [70,74]. The EmaAs from this glycosylation-deficient strain exhibit reduced structural

99



Pathogens 2024, 13, 99

stability and clearly differ from the wild-type strain (Figure 7). Groups G4, G6, and G8
exhibit extremely low density in subdomain SIII and the stalk region, while in groups
G1 and G3, the stalk is the main affected region. Only groups G2, G5, and G7 present
complete functional domains comparable to those observed in wild-type EmaA [33,36,69].
However, all groups manifest a certain degree of curvature and/or bends (kinks) localized
close to the linker region, either between subdomain SII and the linker or between the
linker and subdomain SIII. In addition, when the structures present a complete functional
domain, subdomain SIII consistently has a smaller diameter size, which can be interpreted
as a reduction in either the mass or stability of the protein conformation. Similar over-
all characteristics were observed when analyzing subtomograms containing the EmaA
functional domain of the waaL mutant strain, which were separated into eight subgroups
(G1–G8), with memberships ranging from 25% to 6% [73,74]. With the exception of G7, all
other subgroups have a strong curvature along the whole length of the functional domain
(Figure 8). In most of the subgroups, subdomain SI has a larger diameter than in the
wild-type strain, while the density of subdomain SIII appears weaker. In addition, a large
percentage of the mutant adhesins display a strong curvature along the whole length of
the functional domain and exhibit bends in places beyond the characteristic bend of the
wild-type strain at the linker region [74]. The observed subtle bend between subdomains
SI and SII (noticeable in G3 and G8) is reminiscent of the structural changes observed in a
different G162S substitution mutant strain that exhibits greatly reduced collagen-binding
activity [33,35,36,74]. Thus, the observed structural differences indicate that the lack of
glycans reduces the stability of EmaA and prevents it from adopting the proper fold neces-
sary to correctly express a functional structure capable of binding collagen. Moreover, the
partial glycosylation in the rmlC mutant adhesins (presence of fucose) [68] has a greater
impact on the structural integrity of the functional domain than the absence of ligase in the
waaL mutant adhesins [74].

 

Figure 7. Surface representations of the EmaA averages of subgroups G1–G8 from rmlC mutant
strains [70,74]. Mesh: wild-type EmaA structure; EmaA subdomains: SI–SIII; Lkr: linker region; Stk:
stalk region. Bar, 3 nm.
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Figure 8. Surface representations of the EmaA averages of subgroups G1–G8 from waaL mutant
strains [73,74]. Mesh: wild-type EmaA structure; EmaA subdomains: SI–SIII; Lkr: linker region; Stk:
stalk region. Bar, 3 nm.

8. EmaA and Biofilm Formation

EmaA, originally identified as a collagen-binding adhesin, has been recently implicated
in biofilm biogenesis. The absence of the protein results in strains with reduced biofilm
potential, as shown in multiple fimbriated and nonfimbriated strains [76]. The lack of EmaA
leads to changes in the cell density of the microcolonies formed during biofilm biogenesis,
which suggests that EmaA plays an important role in mediating cell-to-cell interactions.
EmaA-mediated biofilm formation is independent of the glycosylation state and the precise
3D structure of the protein, which differs from the requirements demonstrated for the
collagen-binding activity of the cognate full-length isoform but more closely resembles the
requirements of the shorter a-EmaA isoform [33,35,36,43]. This implies that the mechanisms
governing the role of EmaA in biofilm formation and collagen binding differ [76].

Cells formed a diminished biofilm in strains lacking both fimbriae and EmaA [76]. It
was hypothesized that a functional overlap or redundancy with either Aae or ApiA/Omp100
may explain these results. Epithelial cell adhesin (Aae) is a monomeric autotransporter
with a mass of 130 kDa [77,78]. Whereas, ApiA/Omp100, a trimeric autotransporter with a
monomeric molecular mass of 37 kDa, is a multifunctional adhesin associated with collagen
binding, epithelial cell invasion, and resistance to serum killing [79,80].

The validity of the hypothesis was addressed by generating single and double mutant
strains to investigate the contribution of ApiA/Omp100 and Aae to biofilm formation [81].

101



Pathogens 2024, 13, 99

In the strains expressing fimbriae, the absence of ApiA/Omp100 and/or Aae did not impact
biofilm formation. However, in the absence of fimbriae and EmaA, only Aae mediated
biofilm formation. ApiA/Omp100 did not appear to contribute to the biofilm formation in
A. actinomycetemcomitans. Nonetheless, when aae and apiA/omp100 were expressed in E. coli,
both strains demonstrated comparable biofilm formation but to a lesser degree compared
with the strain expressing emaA. These data suggested that the contribution of EmaA and
Aae to biofilm formation is highly dependent on the genetic background of the strains
expressing the adhesins. The data further suggest the existence of a hierarchical functional
order of these protein adhesins in biofilm formation: fimbriae (the longest of the adhesins)
make primary contact with the surface, followed by the increased aggregation of bacterial
cells as mediated by EmaA, culminating in more efficient adherence to the surface on the
part of Aae and to a lesser extent (if any) on the part of ApiA/Omp100.

9. Transcriptional Control of emaA Expression

The adaptation of organisms to varying environmental or physiological niches is
essential to survival. For the initiation of infection under the specific conditions inside
a particular host niche, bacteria must adapt to the environment by reprogramming the
expression of specific gene products. The environmental changes experienced by A. actino-
mycetemcomitans during oral infection and dissemination in the blood initiate the induction
or repression of the expression of EmaA and other surface proteins. This modulation of
expression is most likely part of a global regulatory reprogramming that leads to enhanced
bacterial fitness for colonization of these disparate tissues.

The DNA sequence immediately upstream of the translational start site of emaA is
sufficient for the complementation of emaA mutants [35,76]. This region of the DNA
includes a 339 bp of the 3′ end of the CoA ligase gene based on sequence homology [24,76].
Truncation of the CoA ligase sequence, which resulted in a sequence containing only
the intergenic sequence, reduced the promoter activity. This finding suggested that the
regulatory elements for emaA expression are located within the 3′ end of the CoA ligase
gene [82].

CpxR and an ArcA-binding sequence were identified using in silico analysis of the
intergenic region, based on E. coli consensus sequences [82]. CpxR represents the response
regulator for the E. coli/CpxAR two-component signaling system. Under stress conditions,
misfolded envelope proteins accumulate, leading to the autophosphorylation of CpxA, a
histidine kinase, that transfers the phosphate group to CpxR, resulting in the upregulation
of a series of chaperonins and proteases that either degrade or refold the misfolded proteins,
lessening envelope stress [83,84]. Furthermore, CpxR, in concert with the σE envelope
stress response, contributes to the regulation of the periplasmic chaperone system [83–86].
In E. coli, this stress response is coupled with surface sensing and is demonstrated to
control genes involved in adhesion and biofilm formation [83,87–91]. Thus, these systems
may assist in the folding and secretion of the EmaA adhesin [82]. Over-expression of
cpxR (in the absence of the CpxA kinase) reduces the amount of EmaA synthesized, which
suggested that, at relatively high concentrations, cpxR downregulates EmaA expression [82].
Therefore, cpxR may act as a repressor instead of an activator under the growth conditions
used in this study.

ArcA is the DNA-binding response regulator of the two-component regulatory system
ArcAB, which regulates the adaptation of the organism to respiratory growth conditions
and oxygen tension [92–95]. Under anaerobic or microaerobic respiratory conditions, ArcB,
a transmembrane sensor kinase, undergoes autophosphorylation and coordinates changes
in gene expression in response to changes in the respiratory and fermentative state of the
cell [93,96]. The environmental niches occupied by A. actinomycetemcomitans during disease
within or outside of the oral cavity, where EmaA is important to tissue colonization [38],
reflect conditions that most likely regulate gene expression. In experiments resulting in the
over-expression of the protein or genetic inactivation of arcA, a significant reduction in the
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amount of EmaA synthesized and the mass of the biofilm formed was observed [82]. Dual
activation and repression by ArcA have also been reported in other bacterial species [97].

An emaA mutant strain, against the same fimbriated background, was observed to
have a lesser effect on biofilm formation than the arcA mutant strain [76]. This suggests that
the inactivation of arcA may impact other adhesins involved in biofilm formation. ArcA has
been shown to regulate biofilm formation in several other species of bacteria [97–99]. The
data suggest that ArcA acts primarily as a positive regulator of emaA transcription. This
regulation may be mediated by either the binding of ArcA directly to the DNA or indirectly
by competing with a negative regulator in response to changes in the environment.

Over-expression of two other transcriptional regulators (OxyR and DeoR) also reduced
the expression of EmaA; however, little effect was detected when the same plasmids were
expressed in E. coli. OxyR, the hydrogen peroxide stress response regulator, activates
genes in the oxidative stress response system in E. coli [100], which regulates the surface
proteins associated with an altered colony morphology and auto-aggregation [101]. OxyR is
suggested to be involved in the regulation of the fimbrial secretion apparatus [102] and the
autotransporter adhesin ApiA in A. actinomycetemcomitans [103]. DeoR regulates nucleotide
catabolism and toxin production in E. coli [104]. The changes in emaA synthesis, based
on excess production of specific transcription factors, do not necessarily correlate with a
direct regulation by any of the proposed trans-acting regulatory elements [105]. The A.
actinomycetemcomitans regulons are still unknown, and these proteins may interact with
a large array of genes, including genes of other transcription factors, forming a network
regulatory cascade that can indirectly change the expression level of a myriad of different
target genes.

The minimal sequence necessary from which transcription can be initiated has been
elucidated, and potential binding sites for trans-acting regulatory factors, such as CpxR and
ArcA, have been deduced [82]. Interestingly, the emaA promoter region resembles the pro-
moters of other major virulence adhesins of A. actinomycetemcomitans, including flp, aae, and
apiA [82]. Based on these observations, it is suggested that these transcriptional regulators
are involved in coordinate regulation of the adhesins required for A. actinomycetemcomitans
colonization and pathogenesis.

10. Summary and Conclusions

Adhesion and tissue colonization are crucial phases during the infective process. Bacte-
rial adhesion to extracellular matrix (ECM) proteins is a paradigm used by many pathogens
for colonization and the tropism of infections. A. actinomycetemcomitans is typically found
within the connective tissue of the periodontium in contact with collagen fibers in indi-
viduals with periodontitis [19,20,106]. The presence of bacteria in the connective tissue
suggests that this organism establishes a reservoir for the continuous release of bacteria for
re-infection of the gingival pocket or for the transient bacteremia responsible for systemic
infections. This hypothesis is supported by the observations that the bacterium binds to the
exposed underlying connective tissue of damaged heart valves and forms vegetation that
alters the blood flow around the valve, leading to the development of endocarditis [5,107].

A. actinomycetemcomitans expresses multiple proteins associated with adhesion that are
vital for colonization and contribute to its virulence [14,21,35,77,108,109]. These adhesins
function hierarchically in biofilm formation: fimbriae (the longest of the adhesins) make
primary contact with the surface, followed by enhanced binding and increased aggregation
of the bacterial cells, as mediated by the extracellular matrix protein adhesin A (EmaA),
and culminating in more specific adherence to targeted surfaces on the part of Aae and
ApiA/Omp100 [76,81,110].

EmaA, the largest autotransporter protein of A. actinomycetemcomitans, is required for
collagen binding, biofilm formation, and cell-to-cell interaction [24,36,38,76]. Three identical
EmaA monomers form visible antenna-like appendages that extend 150 nm away from
the bacterial surface [34,35]. The functional domain, subdivided into three subdomains
(SI-SIII), is located at the distal end of the adhesin and mediates the adhesin/collagen
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interaction [33,35,36,43]. Moreover, EmaA is modified by a novel glycosylation mechanism
involving the sugars and enzymes associated with the O-polysaccharide region of the
lipopolysaccharide [64,67,68]. This post translational modification increases the stability of
the adhesin and promotes a structural conformation required for collagen binding [70,73,74].
However, it does not affect other known functions [76].

11. Future Directions

A. actinomycetemcomitans expresses adhesins with molecular masses almost 20 times
larger than the mass of typical bacterial proteins, suggesting that synthesis of these adhesins
is regulated coordinately to manage cellular resources when their functions are not needed.
Our work suggests that these adhesins are coordinately regulated by shared transcription
factors [82]. To date, only a limited number of genes have been studied at the transcriptional
level [111], and these studies have nearly uniformly been undertaken in highly manipulated
and passaged laboratory strains that lose responsiveness during culture adaptation. A
minimally manipulated strain isolated from an individual with A. actinomycetemcomitans-
related infective endocarditis (IE) demonstrated differential regulation of emaA and other
adhesins when grown on blood versus laboratory media, thus retaining manipulable
adhesin expression). Passage of the IE strain on laboratory media reduces the surface
adhesin expression, leading to an altered state, a process we refer to as transcriptional
“senescence”, in which specific regulons are no longer responsive to external or intracellular
signaling. This dysfunctional regulatory state has broad implications when studying gene
regulation using culture-adapted laboratory strains.

This fully documented provenance and limited manipulation under well-defined
environmental conditions will allow for the unique opportunity to investigate the tran-
scriptional control of emaA and other virulence-related adhesins, opening up new avenues
of investigation into the gene regulation and pathogenicity of this organism. Furthermore,
comparison of the colonization of vastly different tissue environments by this bacterium
may provide insight into the physiological changes required for this strain to transition
from the oral cavity in the bloodstream into the heart.
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Abstract: The presence of periodontal pathogens is associated with an increased prevalence of
rheumatoid arthritis (RA). The systemic antibody response to epitopes of these bacteria is often used
as a proxy to study correlations between bacteria and RA. The primary aim of the present study is to
examine the correlation between the presence of Aggregatibacter actinomycetemcomitans (Aa) in the oral
cavity and serum antibodies against the leukotoxin (LtxA) produced by this bacterium. The salivary
presence of Aa was analyzed with quantitative PCR and serum LtxA ab in a cell culture-based
neutralization assay. The analyses were performed on samples from a well-characterized RA cohort
(n = 189) and a reference population of blood donors (n = 101). Salivary Aa was present in 15% of the
RA patients and 6% of the blood donors. LtxA ab were detected in 19% of RA-sera and in 16% of sera
from blood donors. The correlation between salivary Aa and serum LtxA ab was surprisingly low
(rho = 0.55 [95% CI: 0.40, 0.68]). The presence of salivary Aa showed no significant association with
any of the RA-associated parameters documented in the cohort. A limitation of the present study is
the relatively low number of individuals with detectable concentrations of Aa in saliva. Moreover, in
the comparison of detectable Aa prevalence between RA patients and blood donors, we assumed that
the two groups were equivalent in other Aa prognostic factors. These limitations must be taken into
consideration when the result from the study is interpreted. We conclude that a systemic immune
response to Aa LtxA does not fully reflect the prevalence of Aa in saliva. In addition, the association
between RA-associated parameters and the presence of Aa was negligible in the present RA cohort.

Keywords: Aggregatibacter actinomycetemcomitans; salivary concentrations; rheumatoid arthritis;
systemic biomarker

1. Introduction

Rheumatoid arthritis (RA) is an inflammatory disease that can display autoantibody
production and systemic disease manifestations [1,2]. Autoantibodies to citrullinated
proteins (ACPAs) are specific markers of RA and are usually assayed as antibodies to cit-
rullinated peptides (anti-CCP) [3]. For many years, RA has been suggested to be clinically
and pathologically associated with periodontitis [4]. Periodontitis is a bacteria-induced
inflammatory disease that degrades the tooth-supporting structures, alveolar bone and
connective tissue [5]. Interestingly, Konig and co-workers [6] showed that the citrullinome
in periodontitis sometimes reflected patterns of hypercitrullination observed in the rheuma-
toid joint. Among the periodontal pathogens, Aggregatibacter actinomyctemecomitans (Aa),
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but not other bacterial species, induced hypercitrullination in host neutrophils [6]. It was
shown that the molecular mechanism by which Aa triggers the dysregulated activation of
citrullinating enzymes in neutrophils mimics autoantigen citrullination in the RA joint. Aa
is a Gram-negative facultative anaerobic bacterial species that is associated with aggressive
forms of periodontitis [7,8].

Due to the high genetic diversity of Aa, the bacterium exists as a harmless commensal
and as an exogene pathogen [9]. A highly virulent genotype of the bacterium is the
JP2, which has an enhanced production of a leukotoxin (LtxA) [10]. Detection of the JP2
genotype of Aa was initially restricted to some regions of Africa, while it today can be
sporadically found in patients of many different geographic origins around the world [11].
Adolescents carrying the JP2 genotype of Aa are at significantly enhanced risk to develop
periodontitis [12]. LtxA produced by this bacterium is closely linked to the initiation
of degenerative processes involved in many diseases, like periodontitis and rheumatoid
arthritis [13,14]. The toxin is a large pore-forming protein that specifically binds to the β2
integrin LFA-1 (CD11a/CD18) expressed by human leukocytes [15]. The interaction of
LtxA with human neutrophiles induces an extracellular release of trap-like structures that
contain citrullinated proteins [6,16]. The NLRP3 inflammasome is activated by LtxA and is
important in the pathogenesis of both RA and periodontitis [17,18]. These properties of
the periodontal pathogen Aa and its LtxA indicate a potential relationship between RA
and the prevalence of Aa [19]. It has been reported that an RA patient with periodontitis
colonized with the highly leukotoxic JP2 genotype of Aa one year after the eradication
of Aa remained free of arthritis and anti-CCP antibodies [20]. A commonly used strategy
for the determination of Aa prevalence on an individual basis is an analysis of systemic
antibodies against surface epitopes unique for this bacterium [21]. Systemic antibodies with
reactivity against LtxA have shown to be significantly enhanced in RA patients compared
with healthy controls when examined in a US population [6]. Contrary to this observation,
systemic LtxA antibodies, when analyzed in a Swedish cohort, were not significantly
associated to RA [22]. Moreover, one previous study on a Japanese population showed that
systemic IgG responses to Aa in patients with RA were significantly lower than those in
controls [23].

In addition to the immunodetection of Aa-LtxA antibodies, the systemic capacity
to neutralize the activity of LtxA has been analyzed [24–26]. The presence of systemic
LtxA-neutralizing capacity has been shown to correlate significantly with the occurrence of
LtxA antibodies, while the association with periodontitis has not been established [27–29].
We have previously examined the prevalence of systemic LtxA neutralization in relation
to RA and associated systemic risk markers without any conclusive result for the asso-
ciations between LtxA neutralization and RA development [30]. Aa has been shown to
produce virulence factors with the capacity to affect a proper host response against this
bacterium [31,32]. However, it is not yet known how the presence of systemic LtxA anti-
bodies correlates with the amount of Aa in the oral cavity. RA has been associated with an
impaired host response in vaccine studies [33,34]. Taken together, these findings indicate
the importance of investigating whether systemic antibodies against Aa and its LtxA reflect
the prevalence of the bacterium in the oral cavity in RA patients.

The primary aim of the present study is to examine the correlation between the amount
of Aa in the oral cavity and the level of systemic Aa-LtxA antibodies in serum. A secondary
aim is to examine the salivary presence of Aa in relation to the occurrence of RA-associated
serological and clinical parameters.

2. Materials and Methods

2.1. Study Populations and Samples

The study populations have previously been described in detail [35]. Briefly, 196 in-
dividuals with established RA from the County of Dalarna, Sweden, were included in
the cross-sectional “Secretory antibodies in Rheumatoid Arthritis” (SARA) study with
enrolment 2012–2013. RA patients were randomly selected among planned follow-up visits
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at the Rheumatology Clinic, Falun Hospital, Sweden. Healthy blood donors (n = 101)
were recruited from the local blood donor center and referred to the Rheumatology Clinic
for blood and saliva sampling. Demographic and clinical parameters of the two study
cohorts are summarized in Table 1. Participants were required to provide at least 0.5 mL
of saliva during a 10-min sampling time; otherwise, they were excluded from the study.
Paired saliva and serum samples were collected at the same visit at the Rheumatology
Clinic. Participants were asked to restrain from eating, drinking other liquids than water,
brushing teeth, or smoking 1 h before saliva sampling. Passive secretion was used for saliva
sampling, i.e., the study participant leaned forward and drooled for 10 min into a test tube
placed on ice. After the disruption of mucus fibers by pipetting a few times, the saliva
samples were centrifuged for 5 min at 5000× g. Serum samples were also centrifuged for
5 min at 5000× g. Subsequently, serum and saliva samples were stored at −80 ◦C until
further analyses.

Table 1. Demographic and clinical parameters of the two study cohorts.

RA Patients Blood Donors

Number 196 101
Age ± SD 64(13) 49(14)
Men 40 (20%) 47 (47%)
Smoking 101 (52%) 36 (36%)
Oral health problems * 96 (50%) 23 (23%)
Oral treatment § 53 (33%) 18 (18%)

* Self-reported experienced gum problem. § Having been subject to treatment of periodontal gum problem.

RA patients’ disease activity was registered on the day of sampling and measured by
the Disease Activity Score of 28 joints (DAS28) using erythrocyte sedimentation rate (ESR).

Information on smoking and oral health was obtained using a self-report questionnaire
provided by the Epidemiological Investigations in RA (EIRA) Study [36].

2.2. Analysis of Total IgA in Saliva

The total IgA in saliva was quantified using commercially available immune assays
(IBL International, Hamburg, Germany).

2.3. Autoantibody Analyses

IgG ACPAs in serum were analyzed previously, using the second-generation anti-CCP
immunoassay (Svar Life Science, Malmö, Sweden). IgA ACPAs in serum and saliva were
also analyzed previously in a similar way but using an anti-human α-chain antibody as
secondary antibody [37].

Serum secretory component-containing (SC) ACPAs were measured by modifying
commercially available anti-CCP ELISA kits (Euro-Diagnostica, Malmö, Sweden) as de-
scribed elsewhere [38]. Briefly, SC ACPA were analyzed by diluting serum samples 1:25,
and the detection antibody was diluted 1:2000 (polyclonal goat antibody conjugated to
horseradish peroxidase, GAHu/SC/PO, Nordic Biosite, Sweden). Incubation and washing
were performed according to instructions by the manufacturer. A 7-step standard curve
was calculated by diluting a serum sample high in SC ACPAs.

2.4. Leukotoxin (LtxA) Antibody Assay

Anti-LtxA antibodies in serum were analyzed for their LtxA neutralizing capacity,
which was detected as a reduction in cell damage and subsequent inhibited leakage of
neutral red upon exposure to purified LtxA [39]. THP-1 cells in RPMI-10% fetal bovine
serum (FBS)-50 nM phorbol myristate acetate were seeded at 1 × 106 cells/mL in flat
96-well plates and incubated at 37 ◦C 5% CO2 overnight. The cells were washed with RPMI,
patient serum and LtxA added in triplicates and incubated for 2 h at 37 ◦C 5% CO2. The
medium was removed, and 0.04 mg/mL neutral red diluted in RPMI-10% FBS was added,
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incubated 90 min at 37 ◦C 5% CO2 and washed with PBS pH 7.4. Then, 50% EtOH with 1%
acetic acid was added to lyse the cells. After 10 min of incubation, the optical density (OD)
was read at 650 nm (TECAN Sunrise, CA, USA). The anti-LtxA antibody neutralization
capacity in percent was calculated by dividing the serum sample OD with the maximum
cell viability OD (incubation with FBS only) × 100. Serum samples inhibiting LtxA cell lysis
≥30% were classified as positive and <30% were classified as negative regarding anti-LtxA
presence [27].

2.5. qPCR-Based Quantification of Salivary A. actinomycetemcomitans

This method has been previously described in detail [40]. Briefly, stimulated saliva
was collected and the Viral DNA extraction kit (DiaSorin AB, Dublin, Ireland) was used for
the DNA isolation, and for the procedure, an automated extraction instrument was used
(Liaison® IXT, Diasorin AB, Ireland). DNA was extracted from 550 μL of the sample mixture
and eluted in a volume of 100 μL. Standard suspensions of the Aa (JP2 genotype HK1651)
(108–101 cells/mL), prepared in PBS buffer, were treated as described above. The samples
and the standard solutions were stored at +4 ◦C until use. Quantification of the total
concentration of A. actinomycetemcomitans in the DNA samples was performed according
to Claesson et al., 2019 (PMID: 30847232). Briefly, the PCR mixture (10 μL) contained 5 μL
Kapa Syber Green (KK 4601; Kapa Biosystems, Boston USA), 4 μL template, and 1 μL of a
primer mix specific for the LtxA (0.5 μM/primer, F: CTAGGTATTGCGAAACAATTT, R:
CCTGAAATTAAGCTGGTAATC). The PCR program was as follows: hold/time 95◦/10 m,
cycling/time 95◦/10 s, cycling/time 55◦/5 s and 45 cycles.

2.6. Ethics

The ethics review board in Uppsala, Sweden, approved of the study, and all partici-
pants signed written informed consent (Uppsala: 2011/159).

2.7. Statistical Analyzes

The prevalence point estimate (Wilson’s 95% confidence interval) of both detectable
salivary Aa ≥ 100 bacteria/mL and detectable serum LtxA ab ≥ 30% was computed for the
RA cohort and blood donors separately (DescTools v0.99.48 in R v4.2.3). To test the equality
of the prevalence between the cohorts, we used a z-test of two independent proportions
(R v4.2.3). Next, the monotonic correlation between salivary Aa and serum LtxA ab was
quantified using Spearman’s rho on left-censored data at the detection limit [41] with
confidence intervals based on the bias-corrected and adjusted bootstrap method with
10,000 replications (boot v1.3-28.1 in R v4.2.3) [42]. In the final phase, we restricted the
analyses to the RA patients. Within this subset, we first quantified the correlation between
detectable salivary Aa and RA-associated risk markers using Spearman’s rho; then, we
estimated the association between detectable salivary Aa and detectable ACPA using
Pearson’s chi-square test and finally compared both DAS28 and total IgA in saliva between
patients with and without detectable salivary Aa using the Mann–Whitney U test. All
computations were based on complete cases.

3. Results

3.1. Salivary A. actinomycetemcomitans and Serum LtxA Antibodies in Both Cohorts

Salivary Aa ≥ 100 bacteria/mL was found in 14.8% (95% CI: 10.5%, 20.6%) of RA
patients and in 5.9% (95% CI: 2.8%, 12.4%) of blood donors. Meanwhile, LtxA-neutralizing
antibodies ≥ 30% inhibition in serum were found in 18.8% of RA patients (95% CI: 13.9%,
25.0%) and 16.0% (95% CI: 10.1%, 24.4%) of blood donors (Table 2).
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Table 2. Prevalence of salivary Aa and LtxA-neutralizing antibodies positive individuals in the two
analyzed study cohorts.

Saliva Aa Serum LtxA ab

Total Analyzed
(Missing)

Number Pos
(%)

Total Analyzed
(Missing)

Number Pos
(%)

All 290 (7) 34 (11.7) 286 (11) 51 (17.8)
Blood donors 101 (0) 6 (5.9) 100 (1) 16 (16.0)
RA-cohort 189 (7) 28 (14.8) 186 (10) 35 (18.8)

3.2. Association between Salivary Aa and Systemic LtxA ab in Both Cohorts

Based on data from 279 individuals, we observed a moderately strong positive corre-
lation of 0.55 (95% CI: 0.40, 0.68) between salivary Aa and LtxA-neutralizing antibodies,
which is illustrated in Figure 1. Correlation coefficients were similar when estimated sepa-
rately for RA patients (rho = 0.54; 95% CI: 0.36, 0.69) and blood donors (rho = 0.60; 95% CI:
0.38, 0.80).

Figure 1. Relationship between salivary Aa and systemic LtxA ab in patients with RA (red points)
and healthy blood donors (blue points). Salivary Aa is presented on the natural log scale with a
constant of one added to zero values before transformation. The dotted lines mark the detection limit
for each variable, and each variable´s distribution is illustrated by the marginal histograms.

Among the 34 individuals that tested positive for Aa in saliva, 24 also tested positive
for LtxA-neutralizing antibodies in serum, while eight tested negative and two had no
recorded data. Interestingly, the eight incongruent individuals, with Aa in saliva but no
LtxA antibody in serum, were all RA patients. Moreover, they were females 49–66 years
old and 6/8 were smokers. The median (interquartile range) of total IgA in saliva for these
eight individuals was 90 μg/mL (106) compared to 55 μg/mL (50) for the 24 individuals
that were positive for both saliva Aa and serum LtxA ab.

3.3. Association between Aa and ACPA, Disease Activity and Treatment in RA Patients

Among RA patients, 80% were positive for IgG ACPA in serum, 45% for IgA ACPA in
serum and 12% for IgA ACPA in saliva. When comparing ACPA status between RA patients
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with and without Aa in saliva, no differences of importance were observed (Table 3). Also,
DAS28 was similar among RA patients with Aa in saliva (median: 2.8; IQR: 1.9) and RA
patients without Aa in saliva (median: 3.2; IQR: 1.3; P = 0.27).

Table 3. Levels of serum ACPA and saliva IgA stratified by detectable salivary Aa. No differences of
importance in levels between the two groups were detected.

RA Patients with Aa
in Saliva

RA Patients without Aa
in Saliva

Positive serum IgG ACPA 22 (79%) 128 (80%)
Positive serum IgA ACPA 12 (43%) 74 (46%)
Positive saliva IgA ACPA 2 (7%) 18 (11%)
Total IgA in saliva, median μg/mL (IQR) 61 (53) 62 (50)
SC ACPA in serum, median μg/mL (IQR) 52 (44) 68 (46)

Correlations between detectable salivary Aa and ESR, CRP, oral health and RA treat-
ment were also investigated among the RA patients, as illustrated in Figure 2. No correla-
tions of clinical importance were observed for salivary Aa or LtxA-neutralizing antibodies,
besides the moderately strong positive correlation between the two as mentioned above.

 

Figure 2. Plot of monotonic correlations between Aa markers and RA-associated parameters based
on data left censored at the detection level. Blue color and red color indicate positive and negative
correlations, respectively. Point estimates shown for correlations significant at 0.05 level only. The
different parameters are described in material and methods (Sections 2.1–2.3).
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4. Discussion

The association between RA and periodontitis is well established, while the role of
the periodontal pathogens still is unclear [19,43]. In the present study, we examined the
prevalence of Aa in saliva samples from two different cohorts: one consisted of patients
diagnosed with RA and one consisted of healthy blood donors [35]. The prevalence
of salivary Aa was 15% in the RA cohort and 6% among the blood donors. Aa LtxA-
neutralizing ab in serum was detected in 19% of the RA patients and in 16% of the blood
donors. The prevalence of salivary Aa and serum LtxA ab corresponds to levels previously
found in periodontally healthy individuals rather than in periodontitis patients [44,45]. The
correlation between saliva Aa and serum LtxA ab in the present study was surprisingly low,
indicating that systemic immunoreactivity against Aa epitopes does not fully reflect the
presence of this bacterium in the oral cavity. This indicates that collected biobank samples
of plasma or serum do not fully reflect the oral presence of the periodontal pathogens.
Systemic antibodies to Aa or LtxA reflect previous immunoreactivity against the bacterium,
while detection of the bacterium in the oral cavity shows the presence at the time for
sampling [21,29]. These circumstances have to be considered in the interpretation of
data from diseases like RA that involve treatment strategies with immunosuppressive
effects [46].

Findings from the present study did not support a correlation between the prevalence
of Aa and the levels of different RA-associated parameters documented in the RA patients
(ACPAs, DAS28, ESR, CRP, self-reported oral health, treatment with glucocorticoids or
bDMARDs). A limitation in the present study is the lack of periodontal registrations. In
addition, our results need to be interpreted in light of the low prevalence of detectable sali-
vary Aa. However, the low prevalence of Aa and self-reported oral health problems in the
present cohort indicates a generally good periodontal status among the study participants.
A recent case-control study in a Chinese population showed that the presence of Aa was
more devasting for RA patients with periodontitis compared to periodontally healthy RA
patients [47]. This indicates that differences in the periodontal conditions between various
studies might contribute to the diverging results on the correlation between RA-associated
parameters and presence of periodontal pathogens [6,22]. Periodontitis-associated bacteria
can be detected in the oral cavity of both periodontally healthy individuals and in peri-
odontitis patients [5]. In periodontitis, the epithelial barrier function is impaired, which
promotes the translocation of periodontal bacteria to the peripheral circulation [48]. The
distribution of periodontal microbes into the peripheral circulation is associated with extra-
oral inflammation and with several systemic diseases [49]. DNA of periodontal pathogens
has been detected in synovial fluid, which indicated that these bacteria may play a role in
the pathogenesis of RA [50,51].

There is a need for a suitable alternative to complete clinical periodontal examinations,
which are both time consuming and expensive [52]. Radiographic periodontal bone loss
shows a strong correlation to periodontitis and might be a suitable tool to simplify periodon-
tal registrations in future population studies [44]. This technique has been successfully used
to determine the correlation between periodontitis and RA; however, this study lacks data
regarding the presence of periodontal microbes [53]. Aa produces molecules with virulence
mechanisms that are closely linked to the pathogenesis of RA [6]. The association of Aa
with RA is focused on the production of a leukotoxin (LtxA) with the capacity to induce
dysbiosis in the host response [51]. The LtxA-induced virulence mechanisms involve the
capacity to promote the citrullination of host proteins [54]. Aa can be found in the oral
cavity of both periodontally healthy and periodontally diseased individuals [5,55].

Interestingly, in comparative analyses between the prevalence of Aa in saliva and
serum LtxA, eight of the individuals from the two cohorts with Aa in saliva lacked serum
LtxA ab. All these eight individuals were from the RA cohort, indicating a possible dysreg-
ulation of immune responses and subsequent impaired microbial host response in these RA
patients. The association of RA with dysregulated immune response and autoimmunity
may indicate impaired microbial host response [56]. In addition, Aa exhibit virulence
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properties that might contribute to avoid host response [31]. Among these properties, the
bacterium can invade periodontal tissues and the ability to produce LtxA with the capacity
to specifically activate and kill leukocytes [13,57]. The immunosuppressive effect of Aa
has been reported by an enhanced systemic immune response to LtxA in a patient treated
with antibiotics that eradicated the bacteria [20]. However, the observation of an impaired
systemic immune response of Aa-colonized RA patients is based on few individuals and
needs to be further confirmed in larger studies.

In conclusion, systemic immunoreactivity to the Aa bacterium does not completely
reflect Aa in saliva. This is important knowledge when designing studies on Aa and
possibly other periodontal pathogens. Also, we conclude that salivary Aa was not sig-
nificantly associated with the levels of RA-associated parameters in serum from the RA
cohort. However, these results need to be interpreted with care due to the low number of
Aa-positive individuals.
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Abstract: Recently, we reported that oral-epithelial cells (OE) are unique in their response to Ag-
gregatibacter actinomycetemcomitans cytolethal distending toxin (Cdt) in that cell cycle arrest (G2/M)
occurs without leading to apoptosis. We now demonstrate that Cdt-induced cell cycle arrest in OE
has a duration of at least 7 days with no change in viability. Moreover, toxin-treated OE develops a
new phenotype consistent with cellular senescence; this includes increased senescence-associated
β-galactosidase (SA-β-gal) activity and accumulation of the lipopigment, lipofuscin. Moreover, the
cells exhibit a secretory profile associated with cellular senescence known as the senescence-associated
secretory phenotype (SASP), which includes IL-6, IL-8 and RANKL. Another unique feature of Cdt-
induced OE senescence is disruption of barrier function, as shown by loss of transepithelial electrical
resistance and confocal microscopic assessment of primary gingival keratinocyte structure. Finally,
we demonstrate that Cdt-induced senescence is dependent upon the host cell protein cellugyrin, a ho-
mologue of the synaptic vesicle protein synaptogyrin. Collectively, these observations point to a novel
pathogenic outcome in oral epithelium that we propose contributes to both A. actinomycetemcomitans
infection and periodontal disease progression.

Keywords: Aggregatibacter actinomycetemcomitans; cytolethal distending toxin; senescence; oral
keratinocytes; cellugyrin; synaptogyrin-2; periodontal disease

1. Introduction

Aggregatibacter actinomycetemcomitans has been linked to systemic disorders, including
endocarditis and brain abscesses, among others [1]. In the oral cavity, the organism has long
been associated with what prior to 2017 was referred to as localized aggressive periodontitis
(LAP), a complex disorder involving risk factors of both host and microbial origin [2–8].
Although LAP no longer exists as a disease classification, the clinical manifestations remain
part of the new classification corresponding to aggressive molar-incisor pattern periodonti-
tis (MIPP). A. actinomycetemcomitans was previously thought to function as the causative
agent of LAP. It is now believed that the initial colonization of supragingival biofilms
by A. actinomycetemcomitans represents a risk factor for the onset of gingival inflamma-
tion. As an accessory pathogen, A. actinomycetemcomitans eventually translocates from the
gingival margin through the gingival epithelium into the underlying connective tissue,
a process associated with the conversion from health to disease [1,2,6]. In this regard,
A. actinomycetemcomitans exhibits virulence properties that contribute to this new role as an
accessory pathogen; these include tissue invasiveness, the ability to create an environment
facilitating the accumulation of other organisms, evasion or subversion of host defenses and
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the capacity to promote inflammation. Collectively, these pathogenic attributes contribute
to the accumulation of inflammophilic organisms that mediate downstream events in the
pathogenesis of periodontitis (reviewed in [1,2,7]. Importantly, A. actinomycetemcomitans
expresses two exotoxins, cytolethal distending toxin (Cdt) and leukotoxin [1,9–11], which
are capable of subverting host cell function [1,2,8,12].

A. actinomycetemcomitans cyolethal distending toxin (AaCdt) is encoded by three genes,
cdtA, cdtB, and cdtC, encoding three polypeptides designated as CdtA, CdtB and CdtC with
molecular masses of 23–30, 28–32 and 19–20 kDa, respectively. The three proteins associate
with one another to form a holotoxin [10,13–17] that functions as an AB2 toxin. Subunits
CdtA and CdtC comprise the cell-binding (B) component, and CdtB is the active subunit. It
is noteworthy that Cdts represent a highly distributed and conserved family of putative
virulence factors produced by more than 30 γ- and ε-Proteobacteria, which are responsible
for chronic infections and inflammatory diseases that typically affect mucocutaneous tissue
(reviewed in [11]). Cdts, regardless of bacterial origin, cause similar effects on proliferating
cells: cell cycle arrest (typically G2/M) and eventually apoptotic cell death [10,14,18–26].
Recent observations suggest that Cdt is also capable of inducing functional alterations in
the absence of cell death in non-proliferating cells [27–30].

We propose that Cdt contributes to several virulence properties of A. actinomycetem-
comitans as it functions as a tri-perditious toxin that affects lymphocyte, macrophage, mast
cell and epithelial function, thereby altering acquired and innate immunity as well as
epithelial barrier integrity [11,31]. Cdt is able to exhibit these diverse effects and intoxicate
multiple cell types by virtue of three unique properties that we have identified: (1) exploita-
tion of a ubiquitous cell receptor, cholesterol [32–34]; (2) utilization of a novel host protein,
cellugyrin, for cell entry and trafficking [35,36], and (3) utilization of a molecular mode of
action that disrupts phosphatidylinositol-3 kinase (PI-3K) signaling, a pathway utilized by
virtually all cells to regulate an array of functions [27,29,37,38].

Recently, we demonstrated that oral-epithelial cells (OE) are unique in their response
to AaCdt [39]. Assessment of the effect of AaCdt on two immortalized OE lines as well
as primary gingival keratinocytes (PGKs) showed that all three cell types were sensitive
to AaCdt-induced cell cycle arrest as toxin-treated cells accumulated in the G2/M phase
within 24 h of exposure to low Cdt concentrations (pg/mL) [39]. Similar to other cell types,
toxin-treated cells also exhibited PI-3K signaling blockade, leading to glycogen synthase
kinase 3β (GSK3β) activation, a requirement for Cdt-induced cell cycle arrest. However,
unlike other cells, which typically undergo apoptosis following Cdt-induced cell cycle ar-
rest, epithelial cell G2/M arrest did not lead to cell death [39]. We have now extended these
observations and demonstrated that Cdt-induced cell cycle arrest in OE is durable. More-
over, OEs develop a phenotype typical of senescent cells, increased senescence-associated
β-galactosidase (SA-β-gal) activity, accumulation of the lipopigment, lipofuscin, a product
of oxidative processes, and the senescence-associated secretory phenotype (SASP), typified
by enhanced production of IL-6, IL-8, and RANKL. We also show that senescent OEs exhibit
a breakdown in barrier function, a unique characteristic of senescent cells. Finally, we
determined that Cdt-induced cellular senescence is dependent upon the host cell protein
cellugyrin. Collectively, these observations point to a novel pathogenic outcome in the oral
epithelium that likely contributes to altered epithelial integrity and thereby promotes both
A. actinomycetemcomitans infection and disease progression.

2. Materials and Methods

2.1. Oral Keratinocyte Culture and Gene Editing

The TIGK cell line was established from human gingival epithelial cells and immortal-
ized with bmi1-transduction followed by human telomerase reverse transcriptase (hTERT)
(kindly provided by RJ Lamont) [40]. TIGK cells were incubated in DermaLife K Basal
Medium (Lifeline Cell Technology, Frederick, MD, USA) supplemented with glutamine,
extract P, epinephrine, rh TGF, hydrocortisone hemisuccinate, rh insulin, apo-transferrin
and calcium chloride.
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Primary human gingival keratinocytes (PGK) were derived from discarded healthy
gingival tissue obtained from patients undergoing crown lengthening procedures as pre-
viously described [39,41]. Briefly, tissue was washed in a HAMS F12 nutrient mixture
(ThermoFisher Scientific, Waltham, MA, USA) containing 1% penicillin/streptomycin and
1% ampthotericin and then cut into 0.3 cm2 fragments. The pieces of gingiva were incubated
in HAMS F12 medium described above and also containing 2% dispase (Sigma Aldrich Co.;
Burlington, MA, USA) for 24 h at 37 ◦C. Tissue was then separated with vigorous pipetting
in 0.05% trypsin/EDTA (Life Technologies; Carlsbad, CA, USA), and the cell suspension
was centrifuged, resuspended and incubated in Keratinocyte serum free medium (K-SFM;
Life Technologies) containing bovine pituitary extract (BPE) (5 ng/mL), epidermal growth
factor (10 μg/mL), and 2% penicillin/streptomycin.

We employed pLentiCRISPR V2 to generate cellugyrin-deficient TIGK cells (TIGKCg−) [39].
Briefly, two separate CRISPR-Cas9 guide sequences for cellugyrin were inserted into plen-
tiCRISPR V2 plasmids, in which the puromycin resistance cassette was replaced with a
neomycin resistance cassette (GTACATCTGCTTAGACTCGT, CGCGTCGACCACCAA-
GAAGA) (Genscript, Piscataway, NJ, USA). Plasmids were co-transfected into HEK-293T
cells, and viral supernatants were collected for introduction into cells. Virus was added
to cells at a MOI of 4 and incubated overnight; cells were washed, then incubated for an
additional 24 h before being selected with 250 ng/mL neomycin. Cells were plated for
single-cell cloning, and cellugyrin-negative lines were generated from selected clones.

2.2. Preparation of Cdt

The construction and expression of the plasmid containing the cdt genes for the
holotoxin (pUCAacdtABChis) have previously been reported [42]. The histidine-tagged
holotoxin was isolated by nickel affinity chromatography, as previously described [15].

2.3. Assessment of Cell Proliferation

To measure Cdt-induced cell cycle distribution, replicate cultures of TIGK cells (105)
were incubated for the time indicated, harvested (TIGK cells required trypsin digestion),
washed, and fixed for 60 min with cold 80% ethanol [43]. Cells were stained with 10 μg/mL
propidium iodide containing 1 mg/mL RNase (Sigma Aldrich Co.) for 30 min. Samples
were analyzed on a Becton-Dickinson LSRII flow cytometer (BD Biosciences; San Jose, CA,
USA); a minimum of 15,000 events were collected for each sample. Cell cycle analysis was
performed using Modfit 6.0 (Verity Software House; Topsham, ME, USA).

Bromodeoxyuridine (BrdU) incorporation was assessed in TIGK cultures set up as
described above with and without Cdt for 72 h. BrdU (10 μM; BrdU Kit; Thermofisher) was
added to TIGK cultures for the last 4 h of incubation. Cells were harvested, fixed in 80%
EtOH for 30 min and then treated with 2N HCl containing 0.5%Triton X-100. Following
centrifugation, cells were resuspended in 0.1 M Na2B4O7 for 5 min, and then in PBS
containing 2% BSA and 0.05% Tween 20 (BioRad; Hercules, CA, USA). Cells were stained
with anti-BrdU-FITC (Invitrogen, Waltham, MA, USA) for 1 h at RT, washed and stained
with propidium iodide. Cells were analyzed by multiparametric flow cytometry on a
Becton-Dickinson LSRII flow cytometer (BD Biosciences; San Jose, CA, USA); fluorochromes
were excited with a 488 nm laser, and fluorescence was detected using a 530/30 filter (FITC)
and a 575/26 filter (propidium iodide). A minimum of 15,000 events were collected for
each sample, and analysis was performed using WinList 9.0.1 (Verity Software House).

Analysis of cell proliferation was also assessed on TIGK cells using ViaFluor 488
(Biotium; Fremont, CA, USA). Cell cultures were established in 24-well plates, as described
above; cells were pre-treated with medium alone or medium containing Cdt (20 pg/mL)
for 16 h. ViaFluor was added to each well for 15 min, according to the manufacturer’s
directions after which cells were washed and incubated for 72 h. Cells were then harvested
by trypsinization and analyzed for fluorescence as described above.
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2.4. Assessment of SA-β-Gal Activity

TIGK cells (105) were added to 24 well plates in the media described above; cells
received media or Cdt for the time indicated. SA-β-gal activity was measured using
the Senescence β-galactosidase activity assay kit (Cell Signaling, Danvers, MA, USA) as
described by the manufacturer. Briefly, media was removed from cells and bafilomycin
(to prevent acidification) was added for 1 h; the cell permeable fluorogenic substrate was
added and the cells incubated for an additional 4 h at 37 ◦C. Cells were trypsinized and
washed. Fluorescence resulting from hydrolysis of the substrate was analyzed by flow
cytometry using a 488 nm laser and fluorescence emission assessed through a 530/30 nm
filter. At least 10,000 events were analyzed.

2.5. Assessment of Lipofuscin Content

TIGK cells were established in 24-well plates as described above; at the times indi-
cated, cells were stained using the SenTraGor reagent according to the manufacturer’s
recommendation (Lab Supplies Scientific; Athens, Greece). Briefly, media was removed
and cells harvested following trypsinization. Cells were fixed in 4% formaldehyde at RT
for 20 min, washed, permeabilized in 0.01% Triton X-100 for 15 min, washed sequentially
in 50% and 70% EtOH, and then incubated for 8 min with SenTraGor. Cells were washed
with 50% EtOH and then stained with anti-biotin antibody conjugated to AF488 (Santa
Cruz Biotechnology; Santa Cruz, CA, USA) or isotype (IgG1) control antibody (Santa Cruz
Biotechnology) for 1 h at RT; after washing, cells were analyzed by flow cytometry using
a 488 nm laser. Fluorescence emission was measured through a 530/30 filter; at least
10,000 cells were analyzed.

2.6. Analysis of Cytokine Release from TIGK Cells

TIGK cultures were set up as described above; cytokine production was measured in
TIGK supernatants 72 h after exposure to medium with or without Cdt. In some experi-
ments, cells were pre-exposed to necrosulfonamide [(NSA); Millipore Sigma, Burlington,
MA, USA] for one h prior to the addition of Cdt. Culture supernatants were collected and
analyzed by ELISA for IL-6, IL-8 and RANKL using commercially available kits according
to the manufacturer’s instructions (Peprotech; Cranberry, NJ, USA) [27]. In each instance,
the amount of cytokine present in the supernatant was determined using a standard curve.

2.7. Analysis of Epithelial Barrier Integrity

Assessment of Trans-Epithelial Electrical Resistance (TEER) is a widely accepted quan-
titative technique to measure the integrity of the barrier function of OE culture models [44].
Polarized PGKs (1.5 × 105) were grown on 12-well transwell inserts (Corning; Corning,
NY, USA) in the medium described above. Cells were grown to confluence and monitored
for the establishment of TEER with the STX2 electrode (Epithelial Volt/Ohm Meter; World
Precision Instruments, Sarasota, FL, USA). Cdt or media were then added to cultures, and
TEER was measured at 24 h intervals.

PGKs were grown as above on transwell dishes and treated with Cdt (10 pg/mL, 48 h)
or medium only, washed in PBS, and fixed in 4% PFA for 15 min at room temperature. The
cells were permeabilized and blocked in 5% BSA and 0.2% Triton X-100 in PBS (PBST) at
37 ◦C for 1 h. Cells were then incubated with a 1:100 dilution of anti-ß-catenin antibody
(Cell Signaling) diluted in blocking solution at 4 ◦C overnight, washed three times with
PBST, incubated with donkey anti-rabbit Alexa Fluor 488 (1:1000; Invitrogen) and Hoechst
33258 (1:10,000; Invitrogen) at 37 ◦C for 1 h, washed and mounted in Prolong Gold Antifade
reagent (P36930, Invitrogen). Confocal Z-stack images were acquired on a Nikon A1R laser
scanning confocal microscope with a 60X (water) objective at 18 ◦C, and the data were
analyzed using Nikon software (NIS Elements AR 5.30.03) [30].
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3. Results

3.1. Cdt Induces a Senescent Cell Phenotype in Oral Epithelial Cells

We previously reported that the oral keratinocyte cell lines TIGK and OKF6 as well
as PGKs exposed to Cdt exhibited cell cycle arrest (G2/M) that persisted for at least 72 h;
notably, the arrest occurred in the absence of any evidence of DNA damage or apoptotic
cell death [39]. In those studies, cell cycle arrest was determined by assessing DNA content
with propidium iodide to measure cell distribution within the cell cycle. In our current
study, we have expanded the assessment of Cdt-induced growth arrest by first utilizing
dual parameter flow cytometric analysis to simultaneously measure G0/G1 and G2/M
with propidium iodide and more accurately assess the S-phase with bromodeoxyuridine
(BrdU), a synthetic nucleoside analogue with a chemical structure similar to thymidine.
Representative results are shown in Figure 1; cells were exposed to Cdt or medium alone
for 72 h. BrdU was added to the cultures for the last 4 h; 6.8% of untreated (no toxin) TIGK
cells exhibited positive BrdU fluorescence (Figure 1A). During the same time period, cells
treated with 20 pg/mL Cdt exhibited fewer S-phase cells, as only 1.3% were BrdU positive
(Figure 1B); these results further support the conclusion that exposure of OEs to Cdt leads
to growth arrest. Consistent with earlier studies, Cdt treatment resulted in an increase in
the percentage of G2/M cells to 59.2% relative to untreated cells, which contained 5.8%
G2/M cells. The percentage of cells in G0/G1 decreased from 77.1% in control cells to
32.6% in cells treated with Cdt.

Figure 1. Cdt induces durable cell cycle arrest in OE. TIGK cells were treated with Cdt for varying
periods of time as indicated and then monitored for cell cycle arrest. Panels (A) (control cells) and
(B) (Cdt-treated cells) show the effect of Cdt (20 pg/mL) on TIGK proliferation after 72 h. Cell
cycle progression was assessed using dual parameter flow cytometry; DNA content was assessed by
monitoring propidium iodide fluorescence (PI-A) and incorporation of BrdU-FITC. Boxes indicate
gates for cell cycle analysis: G1/G0 (black), G2/M (blue) and S (red); numbers indicate the percentage
of cells within each gated box. Panel (C) shows the analysis of cell cycle progression in control (blue
line) and toxin-treated (red line) cells stained with Viafluor 488 and incubated for 72 h. The results
for panels (A–C) are each representative of three experiments. Panel (D) shows cell cycle analysis
of TIGK cells treated with medium (blue) and Cdt [20 pg/mL; (red)] for 3–7 days using propidium
iodide. Cells were analyzed for cell phase as described in Section 2; the percentage of G2/M cells is
plotted versus time. Results are compiled from three experiments and represent the mean ± SEM;
all data points for Cdt-treated cells are significantly different from those observed in control cells
(p < 0.01). Individual cell cycle histograms are shown in Figure S1.
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In a complementary approach, we utilized Viafluor 488 to assess the effect of Cdt
on cell proliferation. Cells were treated with Cdt (or medium) and then labeled with
Viafluor as described in Section 2. Fluorescence was assessed 72 h later; each round of cell
division results in a reduction in fluorescence as the probe is distributed to daughter cells.
Control and toxin-treated cells were compared based upon their level of fluorescence and
designated as either high Viafluor fluorescence (Viafluorhigh) or low Viafluor fluorescence
(Viafluorlow). Control TIGK cells progressed through the cell cycle, resulting in a transition
to a population characterized as Viafluorlow [mean channel fluorescence (MCF) 135] when
compared to Cdt-treated TIGK cells (Figure 1C). The toxin-treated cells underwent cell
cycle arrest, which was reflected in their retaining higher levels of Viafluor and hence
exhibited brighter fluorescence given that the dye was not diluted out into daughter cells;
the Viafluorhigh exhibited a MCF of 430.

In a third assessment, the durability of Cdt-induced cell cycle arrest was analyzed
using propidium iodide to determine cell cycle distribution at days 3–7-post toxin treatment
(Figure 1D). We previously reported that Cdt-treated TIGK cells exhibited G2/M arrest as
early as 24 h, and the percentage of G2/M cells remained elevated at 72 h. In our current
analysis, the proliferating TIGK control cells routinely contained 10.3 ± 2.8 to 12.2 ± 2.1%
G2/M cells; this is consistent with a distribution of normal proliferating cells (see Figure S1
for cell cycle profiles). In contrast, the percentage of G2/M Cdt-treated cells increased to
50.9 ± 2.1% at day 3, as previously reported [39]; the accumulation of G2/M cells remained
at this level throughout days 4–7 of analysis. Collectively, these experiments indicate that
OEs exposed to Cdt undergo a sustained, or durable, cell cycle arrest in the G2/M phase of
the cell cycle.

Durable cell cycle arrest in an otherwise replication-competent cell is a critical feature
of cellular senescence but not necessarily a defining feature alone. Cellular senescence is
also associated with the acquisition of a new phenotype characterized by other common
traits such as increased SA-β-gal activity and lipofuscin accumulation [45–47]. Therefore,
we next utilized flow cytometry to assess Cdt-treated cells for changes in SA-β-gal activity
by monitoring the hydrolysis of a cell-permeable fluorogenic substrate (see Section 2). As
shown in Figure 2A, cells treated with Cdt for 72 h exhibited a significant dose-dependent
increase in SA-β-gal activity, as the MCF increased to 156.7 ± 16.5 (2 pg/mL Cdt) and
191.1 ± 13.8 (10 pg/mL Cdt); this compares to a MCF of 99.5 ± 7.5 in control cells. Exposure
to 25 pg/mL Cdt did not result in any further increase in SA-β-gal activity as the MCF
was 190.4 ± 14.8. It should be noted that these levels remained elevated for 7 days (see
Figure 2A inset). Experiments were also conducted with PGKs, which exhibited similar
elevations in SA-β-gal activity (Figure 2B) when treated with 10 pg/mL (MCF 174 ± 33)
and 25 pg/mL Cdt (MCF 187 ± 29) relative to untreated cells (MCF 122 ± 27).

Another feature of the senescent cell phenotype is the accumulation of lipofuscin,
which we analyzed with SenTraGor™, a highly lipophilic and biotinylated analog of Sudan
Black B that is detectable with an anti-biotin antibody conjugated with AF488 [48–50].
TIGK cells were incubated with medium or 20 pg/mL Cdt for 3–7 days and processed as
described in Section 2. As shown in Figure 2C, the MCF for control cells was 19.9 ± 4.0
(3 days), 21.5 ± 1.8 (4 days), and 28.5 ± 5.6 (7 days). In the presence of Cdt, fluorescence
increased in a time-dependent manner: 28.0 ± 8.0 (3 days), 34.5 ± 2.3 (4 days), and almost
doubling at day 7 to 47.8 ± 7.1. PGK cells were also assessed for lipofuscin following
exposure to Cdt (Figure 2D); cells treated with 10 and 25 pg/mL Cdt exhibited increased
fluorescence with MCFs of 41.2 ± 5.4 and 40.2 ± 4.0 compared to 25.8 ± 5.2 in control cells.
Results from earlier time points are shown in Figure S2.
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Figure 2. Cdt induces a cellular senescent phenotype in OEs characterized by increases in both SA-β-
gal activity and lipofuscin content. TIGK cells were treated with 0–25 pg/mL Cdt for 72 h and then
analyzed for SA-β-gal activity as described in Section 2. Data are plotted as fluorescence (MCF) vs.
Cdt concentration. The inset (panel (A)) shows results for exposure to Cdt for 7 days. Panel (B) shows
the effect of Cdt on SA-β-gal activity in toxin-treated PGK cells following 3 days of exposure to Cdt.
Panel (C) shows the effect of Cdt (20 pg/mL) on lipofuscin levels in TIGK cells following 3–7 days of
exposure to toxin. Lipofuscin was detected using biotinylated SenTraGor, followed by staining with
an anti-biotin antibody conjugated to AF488. Results are plotted as fluorescence (MCF) versus time
of exposure to Cdt (days). Panel (D) shows the effect of Cdt on lipofuscin levels in PGK cells after 4
days of treatment with toxin. Results are plotted as the MCF (mean ± SEM) of three experiments;
* indicates statistical significance (p < 0.05).

3.2. Cdt Induces Oral Epithelial Cells to Exhibit the Senescent Associated Secretory
Phenotype (SASP)

In addition to both enhanced SA-β-gal activity and lipofuscin, senescent cells typically
acquire a phenotype characterized by robust secretory activity known as SASP [46,47,51].
This secretory phenotype has been identified in almost all senescent cells and may in-
clude pro-inflammatory cytokines, chemokines, proteases and other biologically active
agents. It is in this context that we next assessed Cdt-treated TIGK cell supernatants for
IL-8 (Figure 3A), IL-6 (Figure 3B) and RANKL secretion (Figure 3C). All three cytokines
exhibited dose-dependent increases when cells were exposed to 0–100 pg/mL Cdt. IL-8
secretion increased from 123.1 ± 13.8 pg/mL in control cells to 184.8 ± 35.5, 273.1 ± 55.7,
453.3 ± 95.1 and 780 ± 73.0 pg/mL in the presence of 10, 25, 50 and 100 pg/mL Cdt, respec-
tively. Similarly, IL-6 levels increased from 4.7 ± 4.5 pg/mL in control cells to 19.2 ± 8.9,
108.7 ± 17.2, 168.3 ± 13.6 and 206.2 ± 23.6 pg/mL in the presence of the same doses of
toxin (10–100 pg/mL). Significant increases in RANKL secretion were also observed in a
dose-dependent manner; in the presence of 10, 25, 50 and 100 pg/mL, Cdt RANKL levels
were 15 ± 6, 23.9 ± 2.0, 63.9 ± 4.5 and 108. ± 4.0 pg/mL, respectively. No detectable
RANKL was observed in the supernatants of control cells.
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Figure 3. Cdt induces SASP in TIGK cells. TIGK cells were treated with Cdt (0–100 pg/mL) for
72 h; cell supernatants were harvested and analyzed by ELISA for release of IL-8 (panel (A)), IL-6
(panel (B)) and RANKL (panel (C)). In a second series of experiments, TIGK cells were pre-treated
with the GSDMD inhibitor NSA (0–1 μM) for one h, followed by the addition of Cdt (100 pg/mL).
Supernatants were harvested 72 h later and analyzed for release of IL-8 (panel (D)), IL-6 (panel (E))
and RANKL (panel (F)). Results are the mean ± SEM of three experiments; * indicates statistical
significance (p < 0.01).

Recent studies have suggested that gasdermin D (GSDMD) activation is a key event
leading to the release of senescence-associated proteins [52–57]. GSDMD is converted to an
active fragment (GSDMD-NT), which causes nonlytic membrane pore formation. Small
GSDMD-NT-dependent pores have recently been observed in a variety of senescent cells
and are now considered a significant feature of cellular senescence [58]. To ascertain if
GSDMD activation was involved in Cdt-induced cytokine release from TIGK cells, we
employed the GSDMD inhibitor necrosulfonamide (NSA); results are shown in Figure 3D–F.
Cells were pre-treated with 0.1–1.0 μM NSA for 60 min, followed by the addition of 100
pg/mL Cdt. Supernatants were analyzed by ELISA and demonstrated that IL-8, IL-6 and
RANKL levels were reduced in a dose-dependent manner when cells were pretreated with
0.1, 0.5 and 1.0 μM NSA. Maximum inhibition occurred in the presence of the highest NSA
dose employed in this study (1.0 μM), with all three cytokine levels reduced by >60%.
Interestingly, we observed small increments of cytokine release in the presence of NSA
alone; this was not due to NSA-induced changes in either cell viability or induction of
senescence (Figure S3).

3.3. Cdt-Induced Senescent PGKs Exhibit Loss of Barrier Function

We next assessed Cdt-treated cells for alterations in epithelial barrier function. For
this purpose, we measured transepithelial electrical resistance (TEER), which is a widely
accepted quantitative technique to measure the integrity of cellular barriers in epithelial
cell culture models [44]. This technique categorizes cell barriers as tight, intermediate, or
leaky based upon TEER values. We have demonstrated that PGK monolayers reproducibly
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develop TEER with intermediate values (429 ± 30.9 Ω × cm2; Figure 4); moreover, after 48 h
exposure to Cdt, the TEER values were significantly reduced to essentially the background
levels observed with medium alone (236 ± 16.6 Ω × cm2).

Figure 4. Cdt-induced OE senescent cells exhibit a breakdown in epithelial barrier function. PGKs
were grown to confluence until a stable TEER was established. Medium or Cdt was then added and
the cells assessed daily for changes in TEER as described in Section 2. Results of three experiments
were plotted as mean resistance (Ω × cm2) at 24 h (solid bars), 48 h (hatched bars) and 72 h (cross
hatched bars); * indicates statistical significance (p < 0.01).

To further evaluate whether Cdt perturbs epithelial barrier function, cell–cell adhesion
in PGKs was examined by immunostaining Cdt-treated (10 pg/mL) and untreated (control)
cells for an adherans junction protein, ß-catenin [59]. There was distinct staining for ß-
catenin adjoining the border between adjacent cells in the control cultures (Figure 5A–C left,
Figure S4 top). Treatment of PGK cells with 10 pg/mL Cdt (48 h) resulted in an alteration
of the staining pattern for ß-catenin; intense staining outlining the individual cells was de-
tected while the junctions between the cells were largely devoid of ß-catenin (Figure 5A–C
right, Figure S4 bottom). The linear intensity profile (Figure 5D) further highlights these
ß-catenin negative gaps (1.45 ∀ 0.25 μm; size ranging from 0.4–2.9 μm based upon analysis
of 10 regions) between cells treated with Cdt. This result strongly points to Cdt-driven
disruption of adherans junctions that can lead to compromised cell–cell communication
and compromised barrier function.

3.4. Cdt-Induced Cellular Senescence Is Dependent on the Host Cell Protein Cellugyrin

In previous studies with lymphocytes and macrophages, we demonstrated that shortly
after Cdt binds to cholesterol within lipid-enriched membrane microdomains, the host
cell protein, cellugyrin, localizes to the same region. Following these events, Cdt subunits
CdtB and CdtC are internalized and associate with cellugyrin, leading to their intracel-
lular transport complexed to cellugyrin within the context of synaptic-like microvesicles
(SLMVs) [35,36,38]. Importantly, reduced expression of cellugyrin in lymphocytes and
macrophages protects cells from CdtB internalization and subsequent toxicity. Therefore,
we assessed whether the susceptibility of TIGK cells to Cdt-induced senescence was also
dependent on cellugyrin. CRISPR/Cas9 gene editing was employed using a pLentivirus V2
plasmid containing cellugyrin-specific sequences to establish a cellugyrin-deficient TIGK
cell line (TIGKCg−). As shown in Figure 6A inset, TIGKCg− cells do not express detectable
cellugyrin. Wildtype TIGK cells (TIGKWT) and TIGKCg− cells were treated with Cdt for
48 h and assessed for cell cycle arrest (G2/M). Similar to our previous results [39], TIGKWT

cells exhibited a dose-dependent response to Cdt, as the accumulation of G2/M cells was
16.6 ± 3.0%, 22.4 ± 1.9% and 35.8 ± 2.9% following exposure to 5, 10 and 20 pg/mL Cdt,
compared to 9.3 ± 2.8% in untreated controls. In contrast, TIGKCg− cells were protected
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from Cdt-induced cell cycle arrest as the percentage of cells in the G2/M phase did not
change from those values observed in control cells (8.6 ± 2.9%).

Figure 5. Cdt treatment alters cell–cell contacts in PGKs. (A) Confocal images showing control
(untreated) and Cdt (10 pg/mL, 48 h)-treated PGKs immunostained with ß-catenin (green). Nuclei
stained with Hoechst are pseudo-colored in cyan. (B) Boxed regions in the panel (A) were enlarged
and shown. (C) The boxed regions in panel (B) were further enlarged, highlighting the appearance of
distinct gaps between cells in the Cdt-treated set (right) relative to the control cells. (D) Line intensity
profiles for ß-catenin (green) and Hoechst nuclear stain (cyan) across the white dotted line in panel
(C). The gaps between the adjacent cells identified by the ß-catenin staining pattern are depicted by
dotted black lines.

We then evaluated the susceptibility of TIGKCg− cells to Cdt-induced increases in
SA-β-gal activity and lipofuscin accumulation. TIGKWT and TIGKCg− cells were treated
with 20 pg/mL Cdt, followed by analysis 72 h later for SA-β-gal activity as described
earlier. TIGKWT cells exhibited an increase in SA-β-gal activity (Figure 6B); MCF increased
from 125 ± 27.5 in control cells to 261.4 ± 41.1 in Cdt-treated cells. In contrast, Cdt-treated
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TIGKCg− cells did not exhibit any increase in fluorescence relative to control cells; the MCFs
were 148.9 ± 31.8 (Cdt-treated) and 153.7 ± 34.1 (control). In a similar experiment, TIGKWT

and TIGKCg− cells were treated with Cdt and assessed 96 h later for changes in lipofuscin
using the SenTraGor reagent and anti-biotin antibody conjugated to AF488 (Figure 6C).
Toxin-treated TIGKWT cells exhibited an increase in fluorescence, as MCFs were 20.3 ± 4.5
in control cells and 39.5 ± 9.7 in toxin-treated cells. Cdt-treated TIGKCg− cells failed to
exhibit a change in fluorescence relative to control cells. These results confirm that, similar
to other cell types examined to date, the susceptibility of OEs to Cdt is also dependent
upon cellugyrin [35,36,38].

Figure 6. Cdt-induced cellular senescence is dependent on the host cell protein cellugyrin. Cellugyrin-
deficient TIGK cells (TIGKCg−) were prepared using CRISPR/Cas9 gene editing (inset panel (A)).
In panel A, TIGKCg− (cross-hatched bars) were compared with TIGKWT cells (solid bars) for sus-
ceptibility to Cdt-induced cell cycle arrest. The percentage of G2/M cells was determined using
propidium iodide fluorescence and flow cytometry; the results are plotted as the percentage of G2/M
cells (mean ± SEM) versus Cdt concentration. Panel (B) compares the effect of Cdt (10 pg/mL) on
TIGKWT and TIGKCg− cell SA-β-gal activity after 72 h; the data are plotted as SA-β-gal fluorescence
[MCF; (mean ± SEM)]. Panel (C) shows the effect of Cdt on lipofuscin content in TIGKWT and
TIGKCg− cells following 96 h exposure to the toxin; results are plotted as lipofuscin content [MCF;
(mean ± SEM)]. * indicates statistical significance (p < 0.05) when compared to similarly treated
TIGKWT cells.

4. Discussion

Durable cell cycle arrest in the absence of cell death is a hallmark of cellular senescence;
in this state, cells are no longer proliferating but remain metabolically active. Multiple types
of cellular senescence have been described, including replicative, oncogenic, genotoxic and
developmental, among others [60–62]. Moreover, the senescent phenotype has been impli-
cated as a significant contributing factor to the pathogenesis of a wide range of disorders,
including cancer, fibrosis, cardiovascular disease, diabetes, osteoarthritis and neurological
disorders [46,63–65]. Recent studies have also demonstrated that pathogens, both bacterial
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and viral, are contributors to senescence [66,67]. Indeed, infection-induced senescence
has been shown to involve toxins, viral capsids and flagella [67–71]. It should be noted
that several studies have also demonstrated that bacterial factors such as Porphyromonas
gingivalis lipopolysaccharide (LPS) can induce senescence in fibroblasts and dendritic cells,
thereby contributing to periodontal disease-associated inflammation [72–75].

In this study, we demonstrated that, in addition to sustained G2/M arrest, AaCdt-treated
OEs exhibit two of the most common hallmarks of senescent cells: elevated levels of SA-
β-gal activity and the accumulation of oxidatively modified proteins and degraded lipid,
commonly referred to as lipofuscin. Perhaps one of the most interesting, if not significant,
features of senescent cells is that they also produce a secretome known as SASP, which
contains pro-inflammatory mediators among other biologically active agents [46,47]. We have
demonstrated that Cdt-treated OEs secrete IL-6, IL-8 and RANKL 72 h following exposure
to toxin while remaining suspended in the G2/M phase of the cell cycle. Additionally,
cytokine secretion exhibited dependence on GSDMD activation as the GSDMD inhibitor,
NSA, blocked the toxin-induced release of all three cytokines. It should be noted that
GSDMD activation as well as the formation of GSDMD-mediated nonlytic pores have
recently been shown to be a feature shared by many senescent cells and are critical to
senescence-associated secretory protein release [52–54].

The SASP is, perhaps, the most significant aspect of cellular senescence from a
pathogenic perspective. The upregulated secretion of generally pro-inflammatory me-
diators allows senescent cells to: (1) induce senescence in neighboring cells (paracrine
senescence), thereby further enhancing SASP secretome production and reducing the
population of normal functioning (healthy) cells in involved tissue; (2) alter the local en-
vironment within the tissue, perhaps contributing to increased susceptibility to infection;
and (3) promote recruitment and activation of inflammatory cells (reviewed in [46,47,67].
Thus, induction of cellular senescence represents a cell function vulnerable to hijacking and
exploitation by pathogens; in this scenario, cellular senescence and SASP contribute to sus-
tained infection and chronic inflammation [67]. Moreover, we demonstrate that senescent
OEs exhibit another unique feature: breakdown of barrier function. Clearly, Cdt-induced
cellular senescence can have a profound effect on oral epithelial tissue and contribute to
disease initiation and/or progression. This axis of cellular toxicity may account for the
significant role that A. actinomycetemcomitans has been reported to play in the conversion
from periodontal health to disease, as has been observed for MIPP (previously reported as
LAP) (reviewed in [1,2,6]). While direct evidence of a role for senescence in periodontal dis-
ease is currently limited, there is increasing acknowledgment of its potential participation
in age-associated alterations within the periodontal environment as it relates to disease
susceptibility [51,76,77]. Investigators have also demonstrated the presence of senescent
osteocytes obtained from the alveoli of old mice, suggesting that these cells contribute to
alveolar bone resorption [75]. As noted earlier, P. gingivalis LPS has also been reported
to induce cellular senescence, further supporting the fact that the associated phenotypic
changes are involved in the pathogenesis of periodontitis.

Senescence of various cells shares many attributes; however, it should be noted that
they are not identical, as many of their novel features are dependent upon cell type and
the pathway leading to senescence [45,62,78]. In this context, it is important to note that
AaCdt-induced senescence in OEs is unique as it occurs in the absence of DNA damage [39].
Moreover, AaCdt-induced senescence is associated with a novel mechanism involving
PI-3K signaling blockade and concomitant GSK3β activation, which mediates downstream
phosphorylation of CDK1 (inactivation) [39]. Haemophilus ducreyi Cdt has been shown to
also induce senescence in several cell lines [60,79–81]. In these studies, cells were exposed
to relatively higher doses of toxin relative to those used in our current study, and senescence
was associated with the activation of the DNA damage response.

Another unique feature of Cdt-induced toxicity, in general, and Cdt-induced senes-
cence, in particular, is the dependence on the host cell protein cellugyrin (synaptogyrin-2).
This protein belongs to the synaptogyrin family, a group of proteins that contain four
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transmembrane regions with a tyrosine-phosphorylated tail. Within cells, cellugyrin is
embedded in SLMVCg+ [35,36], which likely serve as sorting vesicles. These structures
contain proteins essential for endocytic processing and are likely components of the trans-
Golgi network (TGN) [82,83]. We have previously shown that both the CdtB and CdtC
subunits are associated with cellugyrin and that intracellular transport of the Cdt subunits
in macrophages and lymphocytes is dependent upon this association [35,36]. Moreover, we
now demonstrate that, in addition to lymphocytes and macrophages, this dependence on
cellugyrin extends to OEs. Specifically, epithelial cells rendered unable to express cellugyrin,
TIGKCg− cells, were protected from Cdt-induced cell cycle arrest and senescence.

It is generally accepted that cellular senescence evolved as a protective mechanism
to eliminate cells containing damaged DNA that escaped both repair and elimination by
apoptosis [61,63]. However, it is now clear that this protective response represents another
cell function vulnerable to exploitation by pathogens. As noted earlier, the colonization of
supragingival biofilms by A. actinomyetemcomitans is not sufficient to cause periodontitis
but represents a risk factor for the onset of gingival inflammation. Now considered an
accessory pathogen, A. actinomycetemcomitans eventually translocates from the gingival
margin through the gingival epithelium into the underlying connective tissue; this transi-
tion is associated with the conversion from periodontal health to disease [1,2,6]. There is
extensive literature demonstrating a role for Cdt in the pathogenesis of disease, attributed
to the wide range of Cdt-producing pathogens that are associated with sustained infection and
promotion of inflammation in mucocutaneous tissues (reviewed in [11]). Moreover, evidence is
accumulating to link A. actinomyetemcomitans-associated periodontitis with Cdt; for example,
several studies demonstrate that a high percentage of A. actinomyetemcomitans isolates from
LAP-diseased sites contain the cdt genotype and/or express active toxin [84–87]. There is
growing evidence from studies employing human gingival explant models as well as
in vivo animal models that demonstrate the ability of Cdt to induce cell cycle arrest, disrupt
the epithelial barrier and penetrate the epithelium [88–90]. Ohara et al. [90] observed that
Cdt-mediated cell cycle arrest occurs in vivo within basal cells of junctional and gingival
epithelium; they propose that cell cycle blockade contributes to subsequent desquamation
and detachment of junctional epithelial cells. Our current study is consistent with these
observations, as it demonstrates that an important feature of the Cdt-induced epithelial
senescent phenotype is associated with disruption of epithelial barrier function. Our
TEER data and fluorescence microscopic analysis of epithelial cells indicate that this likely
involves disruption of adherens junctions containing β-catenin.

To date, we have demonstrated that Cdt is a tri-perditious toxin that can profoundly affect
acquired and innate immune cells as well as epithelial barrier function [27,28,30,39,43,91,92].
We propose that AaCdt-induced OE senescence is a significant contributing factor to A.
actinomycetemcomitans infection and the subsequent development of chronic inflammation.
As outlined in Figure 7, the initial effect of epithelial exposure to Cdt likely occurs while
A. actinomycetemcomitans is present at the gingival margin. We propose that local secretion
(or release within outer membrane vesicles) of the toxin leads to cell cycle arrest within
the epithelium. Further acquisition of the senescent phenotype leads to breakdown of
the epithelial barrier, which we propose enables A. actinomycetemcomitans to transit the
epithelium and colonize the underlying connective tissue. Additionally, we suggest that
sustained release of both the Cdt and SASP secretomes in this new location modifies the
tissue such that it becomes supportive of not only A. actinomycetemcomitans infection but
also of other inflammophilic organisms. Over time, the collective effects of sustained SASP,
microbial infection and Cdt release contribute to a pro-inflammatory state. It is noteworthy
that Belibasakis et al [93,94] previously reported that Cdt induces cell cycle arrest and IL-6
release from gingival fibroblasts; they did not relate these observations to senescence. As
noted above, one of the unique properties of SASP is its ability to promote senescence
in otherwise healthy adjacent cells. This property allows for both the amplification of
senescence and the continued induction of senescence in the face of continual epithelial
cell turnover. These events ensure that senescent cells remain continually present in
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the diseased tissue and that the altered environment contributes to the chronicity of A.
actinomycetemcomitans infection and inflammatory disease.

Figure 7. Model depicting the role of AaCdt-induced senescence in the pathogenesis of MIPP. The left
panel shows healthy tissue at risk for MIPP due to the presence of supragingival A. actinomycetem-
comitans (Aa). Initial exposure to AaCdt occurs while the bacteria are at the gingival margin, leading
to cell cycle arrest and senescence within the epithelium and concomitant loss of barrier function
indicated as distinct gaps between epithelial cells (middle panel). Continued exposure to Cdt along
with OE-derived SASP-associated proinflammatory mediators further contribute to increased OE
senescence and translocation of A. actinomycetemcomitans into the subgingival tissue (right panel);
collectively, the mediators contribute to an altered gingival microenvironment conducive to support-
ing infection by inflammophilic organisms. Noteworthy, continued exposure to AaCdt and/or SASP
perpetuates the induction of OE senescence (and possibly fibroblasts) in the face of constant epithelial
turnover. Ultimately, these events lead to the recruitment of both innate and acquired immune cells,
chronic inflammation and bone destruction.

In conclusion, the involvement of cellular senescence, in general, and pathogen-
induced cellular senescence, in particular, in periodontal disease pathogenesis has several
clinical implications. For example, these Cdt-mediated pathologic events account for
many of the virulence characteristics ascribed to A. actinomycetemcomitans, including tissue
invasiveness, the ability to create an environment that facilitates the accumulation of other
organisms, the evasion of host defenses and the ability to promote inflammation. Moreover,
senescent cell involvement in disease pathogenesis offers new opportunities for disease
classification, diagnosis and therapy.
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Abstract: Aggregatibacter actinomycetemcomitans ApiA is a trimeric autotransporter outer membrane
protein (Omp) that participates in multiple functions, enabling A. actinomycetemcomitans to adapt to a
variety of environments. The goal of this study is to identify regions in the apiA gene responsible for
three of these functions: auto-aggregation, buccal epithelial cell binding, and complement resistance.
Initially, apiA was expressed in Escherichia coli. Finally, wild-type A. actinomycetemcomitans and an
apiA-deleted version were tested for their expression in the presence and absence of serum and
genes related to stress adaptation, such as oxygen regulation, catalase activity, and Omp proteins.
Sequential deletions in specific regions in the apiA gene as expressed in E. coli were examined for
membrane proteins, which were confirmed by microscopy. The functional activity of epithelial cell
binding, auto-aggregation, and complement resistance were then assessed, and regions in the apiA
gene responsible for these functions were identified. A region spanning amino acids 186–217, when
deleted, abrogated complement resistance and Factor H (FH) binding, while a region spanning amino
acids 28–33 was related to epithelial cell binding. A 13-amino-acid peptide responsible for FH binding
was shown to promote serum resistance. An apiA deletion in a clinical isolate (IDH781) was created
and tested in the presence and/or absence of active and inactive serum and genes deemed responsible
for prominent functional activity related to A. actinomycetemcomitans survival using qRT-PCR. These
experiments suggested that apiA expression in IDH781 is involved in global regulatory mechanisms
that are serum-dependent and show complement resistance. This is the first study to identify specific
apiA regions in A. actinomycetemcomitans responsible for FH binding, complement resistance, and
other stress-related functions. Moreover, the role of apiA in overall gene regulation was observed.

Keywords: complement resistance; Aggregatibacter actinomycetemcomitans; factor H; epithelial cell
binding; auto-aggregation; global regulation

1. Introduction

In a complex biofilm, the interaction of individual microorganisms with other mem-
bers of the diverse biofilm microbiome is multifaceted [1]. This is especially true when these
complex associations are compounded by the effects of host factors [2]. In a microbiome
at homeostasis, there are delicate interspecies interactions driven by the maintenance of
intricate physical and metabolic associations that control host innate immune defenses,
aimed at detoxifying the assaulting microbiome [3]. Periodontal disease is characterized
by the formation of a dysbiotic biofilm and an outgrowth of key pathobionts, which can
lead to host tissue destruction and, ultimately, periodontal pockets and bone loss [4]. Ag-
gregatibacter actinomycetemcomitans, a well-studied member of the microbiome involved in
Stage III Grade C periodontitis (previously called localized aggressive periodontitis; LAgP)
which occurs predominantly in adolescents of African descent is of particular interest in
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dysbiotic associations [5]. A. actinomycetemcomitans is a Gram-negative, capnophilic, faculta-
tive anaerobic member of the oral microbiota and a critical agent associated with the initial
mucosal infection in periodontitis [6]. A. actinomycetemcomitans is unique because it has
the ability to adapt to diverse environments for its own survival and for the protection of
other less adaptable cohorts, especially in the subgingival environment [7]. Our group has
studied several of A. actinomycetemcomitans’s virulence factors, including the widespread
colonization island (WCI), which includes Flp [8], leukotoxin [9], cytolethal distending
toxin [10], DispB [11,12], PNAG [13], Aae [14], and ApiA [15]. Of these A. actinomycetem-
comitans virulence factors, ApiA and its relationship to complement resistance is perhaps
the least understood, although recently more information has become available [16,17].

It is proposed that A. actinomycetemcomitans initially colonizes the oral mucosa by
means of Aae, a monomeric autotransporter adhesin that binds at low concentrations to
epithelial receptors in the supragingival domain [15]. Subsequently, when A. actinomycetem-
comitans reaches higher levels numerically in the supragingival domain, ApiA, a trimeric
autotransporter outer membrane protein (Omp), plays a major role in oral colonization, but
this accumulation occurs in a linear fashion independent of receptor/adhesin interactions,
suggesting auto-aggregation [15]. The successful migration and colonization of A. acti-
nomycetemcomitans into the subgingival space occur as a result of dspB, an enzyme that
disrupts the biofilm’s protective shield and ejects cells from the inner core of the biofilm
mass huge distances away from the original biofilm deposition [18]. A. actinomycetemcomi-
tans’s subgingival migration is instrumental in the development of a consortia of bacteria
that can lead to the destruction of periodontal tissue and the development of periodon-
titis in susceptible individuals [19–22]. A. actinomycetemcomitans’s subgingival presence
provokes an outpouring of gingival crevicular fluid, a serum exudate, which increases
the inflammatory burden, resulting in additional colonization and proliferation at the
site (5). The initial host response relies on serum-derived complements and host-derived
cell-related toxins such as leukotoxin [23].

Many commensals and pathobionts have developed elegant strategies to subvert the
cytotoxic effects of host defense systems, allowing for their persistence within this specific
subgingival niche [24–27]. Several oral microbes display serum resistance and blunt the
effects of the complement cascade, which can span the classical, lectin, and alternative
pathways [24,28,29]. As compared to complement resistance in other pathobionts such
as Porphyromonas gingivalis, studies of A. actinomycetemcomitans have fallen short, perhaps
because ApiA, as a trimeric protein in nature, presents major structural challenges [16]. The
alternative complement system, which is proposed to be triggered by A. actinomycetemcomi-
tans ApiA, involves an enzymatic cascade that ultimately can activate a set of pore-forming
proteins, leading to bacterial cell lysis [30]. The alternative pathway is governed by abun-
dant levels of C3 protein, which undergoes a constant low level of spontaneous hydrolysis
to C3a (anaphylatoxin) and C3b. In the absence of an antibody-guided response, C3b binds
to cell wall components and lipopolysaccharides of “invading” cells [31]. A major regulator
of the alternative complement pathway known to bind to and stabilize C3b is Factor H (FH).
Factor H prevents convertase from activating the rest of the complement pathway [32,33].

A hallmark of A. actinomycetemcomitans biology is its early resistance to the effects of
serum by the disruption of the complement cascade [24,34]. ApiA, a 295-amino-acid outer
membrane protein, is conserved in A. actinomycetemcomitans species, with 99–100% of its
nucleotide sequence identity and 100% of its amino acid identity shared among sequenced
strains (accession number AB064943). Further A. actinomycetemcomitans is characterized
by the interaction of ApiA (Omp100) with human Factor H [15,16,35], and since ApiA
is randomly localized on the cell surface, it can facilitate binding to FH, which confers
serum resistance [29,36,37]. In the absence of ApiA, A. actinomycetemcomitans has a reduced
ability to survive the effects of serum, indicating a major role for A. actinomycetemcomitans
ApiA in serum resistance [29,38,39]. There is precedent among other oral microbes, such as
Porphyromonas gingivalis and Treponema denticola, to interact with proteins of the complement
pathway [25,40–44].
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The overriding goal of the first portion of this study was to determine regions in
ApiA responsible for auto-aggregation, epithelial cell binding, and complement resistance.
The premise of this study was that a deletion in an apiA gene region that failed to show a
specific function, such as epithelial cell binding, was proposed to be responsible for that
function. All findings were measured in a quantitative manner and were compared to the
complete apiA gene expressed in Esherichia coli (the positive control) or to E. coli with an
empty plasmid (the negative control). Following this logic, the deleted gene region that
failed to show any complement resistance was proposed to be responsible for complement
resistance via the alternative pathway. It has been suggested that A. actinomycetemcomitans
also activates the classical pathway of complement resistance by means of ompA-1 [38,45].

Outer membrane protein 100, a 100 kDa protein, later termed ApiA, was first identified
by Komatsuzawa et al. in 2002 as one of six outer membrane proteins [36,46]. Since that
time, it has been shown that ApiA is a multifunctional outer membrane protein that is
involved in epithelial cell binding, auto-aggregation, and complement resistance [15]. This
study was intentionally limited to surface-related proteins, and as such, our first aim
was to visualize surface expression by means of fluorescence and immunogold labeled
transmission electron microscopy. This was followed by studies of auto-aggregation and
buccal epithelial cell binding to confirm the surface expression. Gene deletions in apiA were
used to identify supplemental gene regions related to these supplemental functions. Finally,
peptides, designed based on gene sequences deemed responsible for functionality, were
used to confirm a region thought to be responsible for Factor H binding and complement
resistance. This is the first research study to identify specific regions within ApiA potentially
responsible for serum resistance in A. actinomycetemcomitans, which could be important
in the modulation of immune responsiveness and early disease abatement. Further, the
exploration of the apiA region in A. actinomycetemcomitans, IDH781, allowed us to examine
the possibility that apiA could be involved in the global regulation of other genes critical for
A. actinomycetemcomitans survival. These findings point to the potential influence of ApiA
in A. actinomycetemcomitans adaptability in the face of environmental stressors.

2. Materials and Methods

2.1. Bacterial Strains and Growth Conditions

Bacterial strains used in this study are listed in Table 1. A. actinomycetemcomitans
IDH781 and IDH781 apiA were routinely grown on brain heart infusion (BHI; Becton,
Dickinson and company, Franklin Lakes, NJ, USA) agar and/or trypticase soy agar (TSA)
supplemented with 0.6% yeast extract (Beckton Dickinson, Franklin Lakes, NJ, USA), 0.8%
dextrose, and 0.4% sodium bicarbonate. For liquid cultures, A. actinomycetemcomitans was
inoculated in BHI broth (Becton, Dickinson and company, Franklin Lakes, NJ, USA) or
trypticase soy broth with 0.6% yeast extract (Becton, Dickinson and company, Franklin
Lakes, NJ, USA), 0.8% dextrose, and 0.4% sodium bicarbonate. The strains were incubated
at 37 ◦C in a 10% CO2 incubator for 16–48 h or in an anaerobic chamber (10% CO2, 10% H2,
and 80% N2).

E. coli strains were revived from frozen stocks on Luria–Bertani (LB) plates supple-
mented with kanamycin (30 μg/mL) and incubated overnight at 37 ◦C. For expression of
ApiA and variants in E. coli, each strain was inoculated into LB broth containing dextrose
(0.5%) and kanamycin (30 μg/mL) and incubated overnight at 37 ◦C with shaking (220 rpm).
After 16 h, the optical density at 600 nm (OD600) of the overnight culture was measured.
The strains were subcultured in LB broth supplemented with kanamycin (30 μg/mL) to
an OD600 of 0.05. Once the culture reached an OD600 of 0.5, all strains were induced by
adding isopropyl β-D-1-thiogalactopyranoside (IPTG; 0.1 mM). The culture was incubated
for 45 min to allow for induction. Bacterial cells were pelleted by centrifugation (4000 rpm;
10 min) and washed three times with PBS (4000 rpm; 5 min). Bacterial cell pellets were then
resuspended in 3 mL of PBS.
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Table 1. Bacterial strains and plasmids.

E. coli Strains Relevant Characteristics Reference or Source

NEB5α fhuA2 Δ(argF-lacZ)U169 phoA glnV44 Φ80Δ
(lacZ)M15 gyrA96 recA1 relA1 endA1 thi-1 hsdR17 New England Biolabs

Mach1-T1R F- ϕ80(lacZ)ΔM15 ΔlacX74 hsdR(rK-mK+)
ΔrecA1398 endA1 tonA Invitrogen

Stellar
F–, endA1, supE44, thi-1, recA1, relA1, gyrA96,
phoA, Φ80d lacZΔ M15, Δ(lacZYA-argF) U169,

Δ(mrr-hsdRMS-mcrBC), ΔmcrA, λ–
Clontech

BL21(DE3)
fhuA2 [lon] ompT gal (λ DE3) [dcm] ΔhsdS

λ DE3 = λ sBamHIo ΔEcoRI-B
int::(lacI::PlacUV5::T7 gene1) i21 Δnin5

New England Biolabs

SJ100 BL21(DE3) containing plasmid pET29b (+) This study

A. actinomycetemcomitans strains Relevant characteristics Reference or source

IDH781 Wild-type human A. actinomycetemcomitans,
serotype d, spectinomycin-resistant [47]

IDH781ΔapiA Gene deletion of apiA in strain IDH781; SJ13 This study

Plasmid Relevant characteristics Reference or source

pJT1 Suicide vector, Spectinomycin-resistant [48]

pET29b (+) Expression vector, T7 promoter,
Kanamycin-resistant Novagen

pSJ101 pET29b+ containing full-length apiA; designated
ApiA in text [35]

pSJ102 pET29b+ containing truncated apiA; amino acids
28–33 deleted; designated Δ28–33 in text This study

pSJ103 pET29b+ containing truncated apiA; amino acids
34–80 deleted; designated Δ34–80 in text This study

pSJ104 pET29b+ containing truncated apiA; amino acids
81–100 deleted; designated Δ81–100 in text This study

pSJ105 pET29b+ containing truncated apiA; amino acids
101–185 deleted; designated Δ101–185 in text This study

pSJ106 pET29b+ containing truncated apiA; amino acids
186–217 deleted; designated Δ186–217 in text [35]

pSJ107 pET29b+ containing truncated apiA; amino acids
81–185 deleted; designated Δ81–185 in text This study

pSJ108 pET29b+ containing truncated apiA; amino acids
28–185 deleted; designated Δ28–185 in text This study

2.2. Cloning of Full-Length apiA and Variants into pET-29(b)+

The pET-29(b)+ plasmid was purified from E. coli using the Qiagen Mini-Prep Kit
(Germantown, MD, USA) as per the manufacturer’s recommendation. The plasmid was
subjected to double restriction digestion using NdeI and EcoRI high-fidelity restriction
enzymes (New England Biolabs (NEB), Ipswich, MA, USA). Primers were designed to PCR
amplify the apiA gene from IDH781 chromosomal DNA as the template and to include NdeI
and EcoRI cleavage sites (Table 2). The desired fragment was amplified using PCR, after
which the insert was digested by double digestion using NdeI and EcoRI. The digested
inserts were ligated into the digested plasmid using the Instant Sticky-End Ligase Master
Mix (New England Biolabs, Ipswich, MA, USA) to create the final ApiA clone. The ligation
mixture was used to transform into commercially available chemically competent NEB 5a
competent E. coli (non-expression host) (Table 1; New England Biolabs, Ipswich, MA, USA)
following the manufacturer’s recommendations. The inserted sequence was verified with
commercially available T7 promoter and T7 terminator primers (Psomagen, Brooklyn, NY,
USA, formerly Macrogen). The recombinant plasmid was transformed into commercially
available chemically competent E. coli BL21 (DE3, expression host) (Table 1). The plasmid
containing the full-length ApiA was designated SJ101 (Figure 1 and Table 1 [35]).
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Table 2. Primers used in this study.

Oligonucleotides Sequence (5′→3′) Source

Primers to amplify full-length apiA

ApiA-NdeI-F GGAATTCCATATGACATATCAATTATTTAA [35]

ApiA-EcoRI-R CGGAATTCTTACCACTCAAAGTTTAAACCG [35]

Amino acid 28–33 deletion in ApiA to construct pSJ102

DNF 2 GTCGATGCATTGGCTAAAGACTCTGCTAATCTTCCACAACAA This study

DNR 2 TTGTTGTGGAAGATTAGCAGAGTCTTTAGCCAATGCATCGAC This study

Amino acid 34–80 deletion in ApiA to construct pSJ103

103F 2 GCTGAAAATCCTGGGGGGATCGATAGATTAGCTAAG This study

103R 2 CTTTGCATTTCTATCGATCCCCCCAGGATTTTCAGC This study

Amino acid 81–185 deletion in ApiA to construct pSJ107

DNF 3 GTATAGAAAAAGATGTTATGCGTAACACTTTTAGATCTTCAAGC This study

DNR 3 GCTTGAAGATCTAAAAGTGTTACGCATAACATCTTTTTCTATAC This study

Amino acid 81–100 deletion in ApiA to construct pSJ104

DNF 4 GTATAGAAAAAGATGTTATGCGTAACACTGAGTTAGATATTCAG This study

DNR 4 CTGAATATCTAACTCAGTGTTACGCATAACATCTTTTTCTATAC This study

Amino acid 101–185 deletion in ApiA to construct pSJ105

DNF 5 GATTACTAAAAATTTTAGATCTTCAAGCCAAAACATCGCG This study

DNR 5 CGCGATGTTTTGGCTTGAAGATCTAAAATTTTTAGTAATC This study

pSJ13 sequence confirmation primers

pJT1 F CCT TGC CTA GGG CTA GCA TC This study

pJT1 R GGC TGC AGT AAC GAA TAC TAG This study

apiA gene deletion primers

UF NotI GGGCCCAATTAATGGCCGGTTTGAAATGCACGGTGG This study

DR XhoI TACTAGTTCGAATAACAGGCGCAG GAATCCGCC This study

DF TTAAGGATGAATTTTCACTTAAAGTGCGGTC This study

UR GACCGCACTTTAAGTGAAAATTCATCCTTAA This study

apiA gene deletion screening primers

apiAˆ F GATATAGCCAGGTGTCTTCGGTGTCG This study

apiAˆ R GAATCTTGACCGCGGTGAAGGCATTC This study

qPCR primers

pgaCF GACGGTGATGCGGTATTGG This study

pgaCR GACCGATGATGGAGCTGAA This study

apiAqF GCCGAGTCAATGAATTAGACAAAG This study

apiAqR CAACAGCTGCACTCAAGTTAAGG This study

rcpAF TGGGCATTAACTGGAGCCAC This study

rcpAR ATCCACCTCCGAAACCGAAG This study

ompA1F GAGATGGCTTGTTGAGAAAC This study

ompA1R AGGTTATACAGACCGTATCG This study

ompA2 F CAATATCCGGAGAATAGCGA This study

ompA2 R GGCATTACGTTTGGAGTATC This study

oxyR F CTGTAAGGTCGGTACGATATG This study

oxyR R GCAACCAAGGCAAAGATATG This study

katA F GTTCAGCGATCGTGGTATTC This study

katA R CGTTGTCGGCATTGATAAAG This study

5SrRNAF GCGGGGATCCTGGCGGTGACCTACT This study

5SrRNAR GCGATCTAGACCACCTGAAACCATACC This study
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Figure 1. Schematic of the various ApiA sequential deletions used in the functional assays.

To clone ApiA passenger domain variants, primers were designed to create the de-
sired fragments using overlap extension PCR (Table 2; [48]). The mutants were created by
an overlap extension PCR and cut by double restriction digestion using NdeI and EcoRI
(Ipswich, MA, USA). The digested inserts were ligated into the digested plasmid using
the Instant Sticky-End Ligase Master Mix (NEB, Ipswich, MA, USA) to create the recombi-
nant plasmid. Further, these recombinant plasmids were transformed into commercially
available chemically competent NEB 5-alpha-competent E. coli and E. coli BL21(DE3) (New
England Biolabs) following the manufacturer’s recommendations. PCR was performed on
single colonies to confirm the insert contained the correct deletion. Plasmids were isolated
for sequencing using the same growth conditions and plasmid preparation as previously
described to verify the correct constructs. The verified constructs were transformed into
commercially available chemically competent E. coli BL21(DE3) (New England Biolabs)
following the manufacturer’s recommendations for protein expression.

2.3. Construction of ApiA Deletion Strain in A. actinomycetemcomitans IDH781

A scarless, markerless deletion approach was used to construct an apiA isogenic mu-
tant in strain IDH781 using plasmid pJT1 as previously described [48]. Primers were
designed for the PCR amplification of the 1000 bp upstream (apiA NotI UF and apiA
UR) and downstream (apiA DF and apiA XhoIR) fragments of apiA, which had 15 bp
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tails complementary to one another to enable fusion between the fragments (Accession:
AB064943/IDH781) [47,48]. IDH781 genomic DNA served as the template (~5 ng). NotI
and XhoI restriction sites were included in 5′ and 3′ ends of the flanking fragments, respec-
tively, by PCR to enable infusion cloning (Takara Inc., Kusatsu, Japan) into pJT1. An overlap
extension PCR (OEPCR) was performed as described previously with equimolar concen-
trations of the upstream and downstream flanking fragments without end primers [48,49].
The end primers were added, and the second step of PCR using 5 μL template from the
first step of PCR was carried out to amplify the fusion product. The PCR fragment was
ligated into NotI-XhoI double-digested pJT1 plasmid using an in-fusion cloning strategy
(Takara Bio USA, Inc., San Jose, CA, USA). Colonies were screened by PCR for the insert
and confirmed by sequencing. The resultant apiA deletion plasmid was designated as pSJ13
(Table 1).

Electroporation of pSJ13 into IDH781 was carried out as previously described [15,35,49].
IDH781 was grown for 24 h on BHI plates at 37 ◦C with supplements in a 10% CO2
incubator. Cells were collected with a sterile cotton applicator and suspended in 20 mL
ice-cold electroporation buffer (EB; 300 mM sucrose in 2.43 mM phosphate buffer; pH 7.2).
These cells were washed three times with EB and centrifuged (8000 rpm) for 10 min at 4 ◦C.
Cells were resuspended using 1/10 volume of EB. To make a homogenous suspension,
a hand-held motorized pestle was used to disrupt the clumps. The OD600 was adjusted
to 0.5–0.6. Forty microliters of washed IDH781 cells were incubated with ~500 ng of
pSJ13 plasmid DNA on ice for 5 min and transferred to a 0.2 cm cuvette. The mixture
was electroporated with 2.2 kV, 200 Ω, and 25 μF (Gene Pulsar; Bio-Rad, Hercules, CA,
USA) and recovered in 1 mL of warm BHI media at 37 ◦C in a 10% CO2 atmosphere
for 5 h. Cells were centrifuged at 8000 rpm for 10 min and re- suspended in 300 μL of
BHI broth. An aliquot of 100 μL of cells was plated on BHI plates supplemented with
50 μg/mL of spectinomycin. The plates were incubated in a 10% CO2 incubator for
48 h [49]. Transformed cells containing plasmids integrated into the chromosome by a
single homologous recombination event were selected on BHI plates supplemented with
50 μg/mL spectinomycin. Spectinomycin-resistant colonies were sub-cultured on BHI
agar plates with no antibiotics. After sub-culturing for 3 days, the colonies were replicated
on BHI agar with 1 mM IPTG. Spectinomycin-resistant clones were then grown in media
without spectinomycin with the addition of 10% sucrose and IPTG to counter-select for
double crossovers (the expression of sacB gene in pSJ13 makes the cells lethal in the presence
of sucrose by forming fructo-polysaccharide). Colonies were streaked in BHI plates without
antibiotics and BHI plates with 30 μg/mL of spectinomycin, and those that grew only
on the former were selected [48,49]. The isolated recombinant plasmids with confirmed
genomic deletion by PCR using the primers designed to amplify outside the 5′ and 3′
flanking regions were selected. This PCR product was also confirmed by sequencing. The
resultant apiA isogenic mutant was designated as SJ13.

2.4. Immunofluorescence Microscopy

Growth and induction of E. coli harboring the plasmids were carried out as above. To
immobilize cells for immunofluorescence assessment, 10 mL of each strain subculture was
added into wells of the slide (Multitest Slide 8-Well, M.P Biomedicals LLC, Santa Ana, CA,
USA) and air-dried. Ten microliters of primary antibody, anti-ApiA (0.7 mg/mL of rabbit
polyclonal, Pocono Rabbit Farm and Lab, Canadensis, PA, USA), was added to each well at
a 1:10 dilution in PBS and incubated for 2 h. After incubation, the slides were washed three
times with PBS for 2–5 min each, and 10 μL of secondary antibody (1 mg/mL, goat anti-
rabbit IgG FITC, Sigma-Aldrich, St. Louis, MI, USA) at a dilution of 1:80 in PBS was added
and incubated for 1 h in the dark. After incubation, the slides were washed again three times
with PBS for 2–5 min each and air-dried. The slides were then fixed using VECTASHIELD
Antifade Mounting Medium (Vector Laboratories, Burlingame, CA, USA), covered with a
coverslip, sealed, and examined and photographed using immunofluorescence microscopy
(Confocal Imaging Facility, New Jersey Medical School, Newark, NJ, USA). Imaging was
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performed using Nikon A1R-A1 confocal microscope and Plan Apo VC 60× OIL NA-1.4
objective lens with 2.5× scanner zoom.

2.5. Electron Microscopy

Growth and induction of E. coli harboring the plasmids were carried out as above.
Strains tested were pET-29b+ (negative control) and ApiA WT (full-length ApiA). Ten
microliters of primary antibody, anti-ApiA (0.7 mg/mL of rabbit polyclonal antibody;
Pocono Rabbit Farm), at a 1:10 dilution in PBS were added to bacterial cells and incubated
for 2 h. Cells were washed three times with PBS and incubated with an immunogold-
labeled secondary antibody (25 mg/mL, anti-rabbit IgG produced in goat and bound to
gold particles (5 nm), Sigma-Aldrich) at 1:5 dilution for 1 h. Cells were washed with PBS
and pelleted. The washed and pelleted cells were fixed with 2.5% glutaraldehyde (TED
PELLA, Inc. Redding, CA, USA) for 2 h at RT and were washed again 3 times in PBS.
Secondary fixation was carried out for 1 h with 1% osmium tetroxide (Sigma-Aldrich).
The cells were again washed with PBS. A dehydration series was carried out with graded
ethanol using 25%, 50%, 75%, and 100% ethanol each for 30 min. After the dehydration
series, the samples were then transferred onto ultra-thin lacey carbon supported grid with
300 mesh (Sigma Aldrich) and imaged using a JEM-F200 transmission electron microscope
(TEM) with a JEOL EDS detector and Gatan Oneview camera/DigiScan (Pleasanton, CA,
USA). The images were taken under TEM (in transmission mode) at 200 kV and EDS under
STEM mode (in scanning mode) at the Otto H. York Center for Environmental Engineering
and Science (YCEES), New Jersey Institute of Technology (NJIT).

2.6. Auto-Aggregation Assay

Growth and induction of bacterial strains that included the empty plasmid and the full-
length apiA gene with all deletions were carried out as previously described (see Figure 1).
Quantitative assessment of the degree of auto-aggregation was determined by measuring
the optical density of the supernatants at various time points. All strains were incubated in
a shaker held at 37 ◦C for various time intervals after induction. Time 0 represents the OD
600 nm at time t = 45 min after induction. The OD 600 nm of the supernatant was measured
using a NanoDrop One spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA)
for 0, 35, 45, and 60 min following the induction period.

2.7. Buccal Epithelial Cell Culture

The TR146 human immortalized buccal epithelial cell line (10032305, Sigma-Aldrich)
was grown in cell culture flasks (25 cm2 Corning, NY, USA) using complete growth media
(HAM’s-F12 media supplemented with 10% of heat-inactivated fetal bovine serum (FBS;
Gibco by Life Technologies, Grand Island, NY, USA) and 1X of Pen Strep Glutamine (Gibco
by Life Technologies) at 37 ◦C with 5% CO2. When cells reached approximately 85–90%
confluency, the growth media were discarded, cells were washed with PBS, and they
were detached by the addition of pre-warmed 0.05% trypsin-EDTA-1X (Gibco by Life
Technologies). Equivalent volumes of pre-warmed complete growth medium were added,
and cells were transferred to a 15 mL conical tube and pelleted by centrifugation at 200× g
for 10 min. The pelleted cells were resuspended in 1 mL of pre-warmed complete growth
medium. Cells were enumerated using the automated cell counter (Countess; Thermo
Fisher Scientific).

2.8. Epithelial Cell Binding by Thymidine-Radiolabeled Bacteria

ApiA constructs, including the positive full-length apiA control and the negative empty
plasmid control (pET29b+) and all the apiA deletions (Figure 1), were grown and induced
as described above, with the addition of 10 μL 2′DeoxyThymidine 5′triphosphate and tetra
Na salt [Methyl-3H] (1 mCi/mL, PerkinElmer, Waltham, MA, USA) to the overnight culture
of buccal epithelial cells (BECs), which were prepared as described above. Radiolabeled
bacterial cells (250 μL of the 3 mL subculture and induced cells) and BECs (250 μL) were
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combined and incubated for 5 min at 37 ◦C on a rotor shaker. The mix was pelleted for
2 min at 150× g, and the pellet was washed twice using PBS and centrifuged for 2 min at
150× g to remove all unbound bacteria. The centrifugal speed allowed unbound bacteria
to stay in suspension while pelleting the BECs. The pellet was resuspended in 200 μL of
0.1% Triton X and transferred to scintillation vials (Fisher Scientific), which were filled
with Ecosiant A Scintillation solution (National Diagnostics, Charlotte, NC, USA). The
amount of radioactivity was measured using an LS 6500 multi-purpose scintillation counter
(Beckman Coulter, Brea, CA, USA) in the Office of Radiation Safety at Rutgers University.
For all strains (Figure 1), the assay was carried out in technical quintuplicates. The entire
experiment was repeated independently three times.

2.9. Complement Resistance Assays

Complement resistance assays were performed for both the E. coli strains expressing
all apiA variants as well as an A. actinomycetemcomitans IDH781 wild-type and apiA-deleted
strain of IDH781. For all the E. coli variants (Figure 1), cells were grown and induced as
described above. The bacterial strains were incubated with normal human serum (NHS;
Sigma Aldrich) and heat-inactivated human serum (HIS; Sigma Aldrich). For E. coli cells,
a bacterial suspension of 10 μL was added to either 200 μL of 5% NHS or 5% HIS and
incubated for 2 h at 37 ◦C. After incubation, 100 μL of each sample was serially diluted
and plated on LB agar supplemented with 30 μg/mL kanamycin. Colony-forming units
(CFU/mL) were calculated.

For A. actinomycetemcomitans experiments, wild-type IDH781 strain and the apiA-
deleted IDH781 strain (SJ13) were initially grown on BHI agar supplemented with 0.6%
yeast extract (Beckton Dickinson (BD), Franklin Lakes, NJ, USA), 0.8% dextrose, and 0.4%
sodium bicarbonate. Colonies were picked from plates and checked for purity. Plates were
scraped to obtain sufficient starting cultures and then inoculated into BHI broth (Beckton
Dickinson) supplemented with 6% yeast extract (BD). Cells were subjected to centrifugation
for 10 min at 4000 rpm, washed with PBS, and re-suspended to achieve an OD600nm of
1.00. An aliquot of 10 μL from each strain (IDH781 and SJ13) was subjected to tests in the
presence of a control where no human serum was used and grown for 2 h under anaerobic
conditions. In a second set of experiments, both IDH781 and SJ13 were tested either in the
presence of 50% normal human serum (NHS) or in the presence of heat-inactivated serum
(HIS) and grown for two hours in an anaerobic chamber [29]. All samples were serially
diluted and plated onto BHI agar plates for colony enumeration. IDH781, IDH781HIS, SJ13,
and SJ13HIS results were normalized to cells in HIS as compared to NHS.

2.10. ELISA to Identify the ApiA Passenger Domain That Binds to Recombinant Factor H

Growth and induction of all the various apiA deletions and controls were performed
as previously described in this study. One ml of bacterial cell suspension was incubated
with 2 μg/mL of human FH (Complement Technology Inc., Tyler, TX, USA) for 30 min
at 37 ◦C with vigorous shaking (850 rpm). The bacterial suspension was pelleted and
washed three times using PBS then re-suspended in PBS, and the final concentration was
adjusted to 108 bacteria/mL. From this bacterial suspension, 60 μL were transferred to
96-well enzyme-linked immunosorbent assay (ELISA) plate wells (Nunc PolySorp, Thermo
Fisher Scientific), which were allowed to dry overnight at 37 ◦C. The ELISA plate wells
were washed three times with PBS, blocked with 100 μL of 5% skim milk in PBS for 1 h
at 37 ◦C. The wells were washed again three times with PBS and incubated with 50 μL of
anti-FH monoclonal antibody (1 mg/mL, EPR6225, Abcam, Cambridge, MA, USA) diluted
at a ratio of 1:500 in 5% skim milk for 1 h at RT. Wells were washed three times with PBS and
incubated with HRP-conjugated goat anti-rabbit super clonal antibodies (0.0625 μg/mL,
Thermo Fisher Scientific) for 1 h at RT. The wells were washed again 3 times with PBS, and
50 μL of TMB (3,3′,5,5′-tetramethylbenzidine) substrate (Thermo Scientific Pierce 1-Step
Ultra TMB ELISA Substrate) solution was added. After 10 min of incubation, the reaction
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was stopped using 2 M H2SO4, and the absorbance at 450 nm was determined using a
Tecan plate reader. Experiments were repeated three times in duplicate.

2.11. Peptide Effects on Complement Sensitivity Due to Factor H Binding

Peptides were designed to target the D101-217 amino acids of ApiA (Figure 1; EZBiolab,
Carmel, IN, USA). This peptide was 85 amino acids in length, and it was divided into
3 peptides 25–30 amino acids in length. A second peptide set (Biomatik, Wilmington, DE,
USA) consisting of 32 amino acids was designed to replicate the deleted sequence in variant
D186-217, because it did not bind to FH in the ELISA assay, suggesting that this region was
critical for FH binding. To test the ability of these peptides to affect complement activity,
E. coli BL21 with pET21b+ was grown and induced as previously described. The peptides
1–6 (1 mg/mL) were incubated with 5% NHS for 1 h at 37 ◦C with rotation. Bacterial cells
were then washed, added to this mixture, and incubated for 2 h at 37 ◦C to determine
if the peptides added to serum were binding to C3b and FH, which would reduce their
availability to attack the plasmid-containing bacteria. This would reduce the sensitivity of
the strain to complement. The cells were serially diluted and plated as previously described.
As a control, bacterial cells with no peptides or serum were also included. Experiments
were performed in triplicate and repeated three times.

2.12. Growth Conditions for RNA Extractions

Cells were grown using two growth conditions: (1) IDH781 and IDH781ΔapiA (SJ13) in
the absence of serum were grown on BHI agar plates and grown under anaerobic conditions
(10% CO2, 10% H2, and 80% N2) for 48 h, and (2) IDH781 and IDH781ΔapiA were exposed
to 50% NHS or 50% HIS for 2 h under anaerobic conditions. Cells were collected from
plates, re-suspended, grown in BHI broth, and then used for RNA extractions, as outlined
below. Cells were uniformly distributed by vigorous vortexing, and OD600 was measured.
The strains were subjected to 50% NHS or were grown in the absence of serum for 2 h
(under anaerobic conditions). Cells were collected for RNA extraction as outlined below.

2.13. RNA Extractions and qRT-PCR

RNA was harvested from two growth conditions described above: (1) IDH781 and
IDH781ΔapiA grown on BHI agar plates with no serum added for 48 h; and (2) IDH781 and
IDH781ΔapiA exposed to 50% NHS or no serum for 2 h. Cells were collected from wild-type
IDH781 and SJ13 in BHI broth. RNA isolation was carried out as previously described [13,50].
To stabilize the bacterial RNA, ice-cold 0.9% saline supplemented with 1/10th volume of
95% ethanol and 5% citric acid saturated phenol (Sigma Aldrich, Burlington, MA, USA)
was added. The cells were centrifuged at 10,000 rpm for 5 min at 4 ◦C, and the cell pellets
were flash-frozen in liquid nitrogen and stored at −80 ◦C until further use. RNA was
isolated from the A. actinomycetemcomitans strains by the hot phenol method with the
following modifications [50]. Glass beads were added to frozen pelleted cells followed
by the addition of 700 μL ice-cold suspension buffer (30 mM sodium acetate at pH of 4.3,
containing 1% β-mercaptoethanol, 2 mM aluminum ammonium sulfate, and 2 mM EDTA
(Sigma Aldrich)). The cell suspension was bead-beaten (Biospec Products, Bartlesville, OK,
USA) for 10 s to make sure the cells were dispersed evenly. A volume of 102 μL of preheated
(65 ◦C) lysis buffer (300 mM sodium acetate at pH of 4.3, 10% β-mercaptoethanol, 8% SDS,
and 16 mM EDTA at pH of 8.0) was added, bead-beaten for 20 s, and incubated at 65 ◦C
for 3 min. An equal volume of preheated acidic phenol saturated with citrate buffer at pH
of 4.0 (65 ◦C) was added and bead-beaten for 20 s (5Xs) with 1 min intervals maintaining
the temperature at 65 ◦C. The phenol mixture was centrifuged at 14,000 rpm for 20 min
at 4 ◦C. After repeating acidic phenol extraction, the aqueous phase was extracted with
ice-cold chloroform (Sigma Aldrich) (2 times). The RNA was precipitated with the addition
of 10% sodium acetate and 100% ethanol (2.5 volumes). The ethanol precipitated RNA
was pelleted down by centrifugation at 14,000 rpm for 20 min and washed twice with 70%
ethanol. The RNA pellet was air-dried and re-suspended in RNAse-free water. Total RNA
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was quantitated using a NanoDrop One Lite spectrophotometer (Thermo Fisher Scientific).
The quality of the RNA was determined by the ratio of absorbance at 260/280 nm. To
improve the quality of the total RNA, samples were passed through Micro Bio-Spin P-30
Gel Columns (Bio-RAD, Cat No. 732-6250).

After the gel filtration step, RNA samples were quantitated, and 500 ng of total RNA
was mixed with RNA sample loading buffer (Sigma Aldrich), denatured at 65 ◦C for 10 min,
ice-cooled, and analyzed on 1% TAE agarose gel. The RNA integrity was confirmed by
visualizing the staining intensity difference between 23S and 16S rRNA and using the
Agilent TapeStation system (Molecular Resource Facility, Rutgers, Newark). The purified
total RNA samples were stored at −80 ◦C until further use. The total RNA (5 μg) was
subjected to DNase I treatment to remove the contaminant genomic DNA using an RNA
purification kit (Zymo Research, Irvine, CA, USA). As a negative control, complete DNA
removal was confirmed in all the samples by PCR using apiA primers (Table 2) before
subjecting the samples to qPCR.

2.14. Quantitative RT-PCR

cDNA was obtained from the isolated DNA-free RNA using a high-capacity reverse
transcription kit (Applied biosystems, CA, USA) according to the manufacturer’s instruc-
tions. One μg of RNA was converted into cDNA. qPCR reactions were performed in the
CFX Opus 96 Real-Time PCR System (BIO-RAD) using PowerUp SYBR green master mix
(Applied Biosystems, Carlsbad, CA, USA). Twenty-five microliter reactions were performed
each time. cDNA was used in a dilution of 1:250 for reference gene 5SrRNA. Initial denat-
uration was performed at 94 ◦C for 10 min followed by 40 cycles of amplification (94 ◦C,
20 s; 56 ◦C, 20 s; and 72 ◦C, 20 s). Specificity of the products was assessed by melting curve
analysis [13,49,50]. Negative control reaction with no reverse transcriptase was included
in each run. Data were analyzed using Bio-Rad CFX Maestro software version 2.0 (Cam-
bridge, MA, USA). The differential gene expression between IDH781 and SJ13 strains was
calculated based on 2−ΔΔCт value compared to 5S rRNA using three biological replicates,
each of which had three technical replicates. The results were subjected to Student’s t-test
for statistical significance (p < 0.05).

2.15. Statistical Analysis

All experiments were performed on at least three separate occasions, with two or three
technical replicates in each experiment. Statistical analysis comparing data was performed
using one-way ANOVA for statistical significance with a confidence interval of 5% (p < 0.05)
and Tukey–Kramer HSD for pairwise comparisons (JMP software package, version 12.0.1).
Student’s t-test was performed to compare the qRT-PCR results, and Bonferroni corrections
were applied.

3. Results

3.1. Immunofluorescence and Transmission Electron Microscopy

To confirm the surface expression of ApiA and variants of E. coli, antibody staining
was performed using a polyclonal anti-full-length ApiA antibody. The control strains, BL21
with pET21b+, failed to be recognized by the antibody. In contrast, full-length apiA, Δ34–80,
and D186-217 showed immunofluorescence. The remaining gene regions expressed in E.
coli failed to show immunofluorescence. To further assess the surface expression of ApiA
in E. coli, TEM was used to examine the BL21 strains with pET21b+ (the negative control)
and the ApiA full-length gene. The TEM results showed electron-dense immunogold areas
in the full-length ApiA on the outer membrane as compared to the E. coli strain containing
the empty plasmid, which failed to show immunogold labeling (Figure 2B).
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A

B pET-29(b) + ApiA 

pET-29(b)+        ApiA              34-80             186-217 

Figure 2. Immunofluorescence and TEM showing membrane labeling. Upper panels (left to right):
pET29b+ empty plasmid, full-length ApiA (apple green), D34-80, and D186-217 (apple green) (A). Trans-
mission electron microscopic images of immunogold particles are shown in right panel (B) (see arrows).

3.2. Auto-Aggregation Assay

A quantitative assessment of the auto-aggregation of the E. coli strains was performed
based on the optical density measurements over 45 min post-induction (Table 3). The
higher the optical density in the supernatants indicates the inability of the bacteria to auto-
aggregate since the supernatants remain in a homogenous solution. The control strain, BL21
with pET21b+, failed to aggregate. Full-length ApiA and ApiA WT showed a significant
change in the optical density and precipitated to form a pellet at the bottom of the test tube.
Δ81–100 and Δ186–217 displayed similar results to those of full-length ApiA, indicating
the missing region had no effect on their ability to auto-aggregate. ApiA variants Δ28–33,
Δ34–80, Δ101–185, Δ81–185, and Δ28–185 showed reduced auto-aggregation. These results
suggest the aggregation domain is contained in regions 28–80 and 101–185 of the passenger
domain, which is feasible given the repeat regions located at 26–73, 74–122, and 148–184
(Figure 1).

Table 3. Auto-aggregation quantified as a measurement of optical density at different time intervals
for different strains of E. coli expressing variants of apiA.

ApiA Construct 0 Min 35 Min 45 Min 60 Min

pET29b+ 0.82 ± 04 0.91 ± 03 0.82 ± 04 0.83 ± 05
ApiA WT 0.39 ± 05 0.32 ± 03 0.32 ± 0.1 0.11 ± 12

Δ28–33 0.62 ± 08 0.67 ± 14 0.62 ± 0.1 0.52 ± 28
Δ34–80 0.62 ± 06 0.60 ± 04 0.52 ± 06 0.51 ± 03

Δ81–100 0.45 ± 06 0.14 ± 07 0.16 ± 11 0.19 ± 0.1
Δ101–185 0.56 ± 02 0.55 ± 06 0.61 ± 09 0.59 ± 26
Δ186–217 0.30+0.23 0.13 ± 08 0.15 ± 07 0.17 ± 05
Δ81–185 0.58 ± 08 0.43 ± 36 0.53 ± 24 0.47 ± 18
Δ28–185 0.49 ± 07 0.50 ± 09 0.58 ± 04 0.50 ± 09
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3.3. Buccal Epithelial Cell Binding by Thymidine-Radiolabeled Bacteria

Epithelial cell binding was assessed by analyzing radioactively labeled bacteria and
their ability bind to BECs. The percentage of binding was calculated by measuring the
ratio of the radioactive counts per minute of bound bacterial cells to the total bacterial
input counts per minute. As expected, the negative control, BL21 with pET21b+, failed to
bind (Figure 3A). Variant Δ34–80 displayed the lowest level of binding, indicating the BEC
binding site is likely within that region. pET29b+ (the empty plasmid vector) showed the
lowest level of binding, while the full-length ApiA showed high levels of binding. The
lowest binders were the empty plasmid, Δ34–80, Δ101–185, and Δ28–185. The most relevant
amino acid deletions that contribute to binding therefore were Δ34–80 and Δ101–185.

*

* *

* **

*

Figure 3. Buccal epithelial cell binding (A). Serum survival = % survival of the various strains when
treated with 5% NHS and 5% HIS. (B). Factor H binding (C). ELISA was used to determine if E. coli
strains treated with Factor H had the ability to interact or bind with Factor H. * represents p ≤ 0.01.

3.4. Complement Resistance Assays

A quantitative assessment by CFU/mL plating for the complement resistance of the
E. coli strains was performed by evaluating their survival in 5% normal human serum
(NHS) relative to heat-inactivated serum (HIS). The negative control, BL21 with pET21b+,
and Δ28–185 did not survive in the presence of NHS; however, apiA, D34-80, D81-185, and
D81-100 were not sensitive to the serum. The results are shown in Figure 3B.

As per Figure 3B, IDH781 and the apiA deletion strain (SJ13) were also evaluated for
their complement resistance, and IDH781 showed 45% resistance while SJ13 showed 17.2%
resistance in comparison to the IDH781 control as determined by the CFU/mL plating of cells
exposed to 50% NHS and HIS under anaerobic conditions (p ≤ 0.05) (Figure 4). IDH781 is
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a well-maintained serotype d rough strain, and its growth was under anaerobic conditions,
which might result in differences between our study and other studies [15,29,35].

Figure 4. A. actinomycetemcomitans’s sutvival in serum showing ratio of surivival in normal serum as
compared to heat-inactivated serum. * indicating significant difference (p ≤ 0.05).

3.5. ELISA to Identify the ApiA Passenger Domain That Binds to Recombinant Factor H

The proposed mechanism of serum resistance is through the binding of the regulatory
protein Factor H. Here, using an ELISA, recombinant variants were immobilized and
assessed for their ability to bind purified Factor H (Figure 3C). Full-length ApiA and the
variants Δ28–33, Δ34–80, Δ81–100, Δ101–185, Δ81–185, and Δ28–185 showed binding to
Factor H. Variant Δ186–217 displayed a reduced binding ability in comparison to the other
strains and the positive full-length ApiA, indicating the binding region is likely within
amino acids 186–217. The control strain, BL21 with pET21b+, failed to bind.

3.6. Peptides’ Effects on Complement Sensitivity

The addition of peptide P1 to the pETb+ empty plasmid control strain showed a nearly
900-fold increase in survival over that of the serum with the no-peptide-added control
(Figure 5). In contrast, the addition of peptides P2, P3, P4, and P5 showed no significant
difference in colony-forming units as compared to the control. The addition of peptide 6
provided the cells with about a 450-fold increase in survival in the presence of serum as
compared to when no peptides were added (Figure 5).

Figure 5. Indirect measurement of peptide binding to Factor H. Higher bacterial survival in the
presence of peptides (1–6), the higher the level of interference with FH availability.

3.7. Quantitative RT-PCR of Cells Grown with and Without Serum

The relative expression of selected genes like ompA1 and ompA2, which are responsible
for conferring complement resistance, were analyzed to gain a better understanding of how
the deletion of apiA would affect the expression of these genes. qRT-PCR was used to assess
the expression levels of genes involved in attachment and biofilm formation, like rcpB and
pgaC, as well as genes like oxyR and katA, which are critical for stress resistance. In the first
experiment WT-IDH 781 was compared to SJ13 (IDH with the apiA deletion. Here IDH 781
showed elevation for all genes tested in the absence of serum (Figure 6A). In the second
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set of experiment both WT-IDH 781 strain and SJ13 (IDH with the apiA deletion were
tested in the presence or absence of serum (Figure 6B,C). Here IDH781 consistently showed
elevation in expression of the genes assessed (Figure 6B) while SJ13 consistently showed
a depression in gene expression in the presence of serum (Figure 6C). The significance
levels were calculated by means of a Student’s t-test and showed that the level of difference
reached (p < 0.001) when the wild-type strain was compared to the apiA-deleted strain SJ13.

Figure 6. qRT-PCR assessment comparing expression of specific genes in the absence or presence
of serum. These assessment were made in the absence of any serum treatment (A). The next group
compared serum treatment to no treatment in, IDH 781 (B). And the final comparison was in SJ13
(IDH with an apiA deletion comparing serum treatment to no serum treatment (C). Note that stars
indicate significant differences at a minimum of (p ≤ 0.05).

The relative expression levels of the selected genes, ompA1, ompA2, katA, and oxyR,
were assessed in response to serum treatment in wild-type IDH781 (IDH781+ = serum
added; IDH781 = no serum added) using qRT-PCR for the expression levels of genes. A
similar assessment was conducted with the ΔapiA strain (SJ13), and the qRT-PCR showed
that all the assessed genes were upregulated in IDH781 in the presence of serum and
downregulated in the SJ13 apiA-deleted strain (Figure 6B). All reading showed significant
differences in their expression profiles of oxyR (p = 0.01), katA (p = 0.01), ompA1 (p = 0.01),
and ompA2 (p = 0.01)
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4. Discussion

A. actinomycetemcomitans contributes to periodontitis in both the early and later stages
of the disease process [51]. The colonization of teeth and soft tissue occurs early in life,
and A. actinomycetemcomitans utilizes many strategies to colonize soft tissues prior to tooth
eruption [52,53]. Key among the adhesins known to influence these binding characteristics
is the widespread colonization island of genes responsible for fimbrial structures and
extracellular polysaccharides that lead to non-specific binding to abiotic surfaces such
as enamel [8]. In addition, Aae and ApiA are two autotransporter proteins that enable
A. actinomycetemcomitans to bind to soft tissue such as the gingival epithelium [14,15,54].
These two omps have very different structures, with Aae being monomeric and non-
aggregating, and ApiA being trimeric with auto-aggregation or clumping [16]. Efforts
to gain a better understanding of ApiA’s diverse functional activity have been difficult
largely because auto-aggregation complicates accurate quantitative assessments. Clumping
has been shown to be associated with the C-terminus of ApiA, and as a result, a hybrid
protein was created that merged the C-terminus of the monomeric form of Aae to the
passenger domain of trimeric ApiA. Using this strategy, cellular clumping was minimal,
which allowed for the exploration of soft tissue binding, auto-aggregation, and biofilm
formation in the fused protein expressed in an E. coli host [16]. Sequential deletions were
created in the passenger domain, and each deletion was examined for its effect on auto-
aggregation, tissue binding, and biofilm formation. These experiments led to the conclusion
that the C-terminus of ApiA was required for trimerization, auto-aggregation, and biofilm
formation, although it was possible that the gene-deleted regions as expressed in the E. coli
host in the monomeric protein were not truly representative of the functional activities
exhibited in the trimeric autotransporter protein. Nevertheless, the results of the hybrid
fusion experiments were helpful in efforts to re-examine deleted areas in the N-terminal
passenger domain of the trimeric autotransporter, especially in the case of highly relevant
complement resistance and Factor H binding [16]. The impact that A. actinomycetemcomitans
has on the damage/response process can be likened to AIDS, in that its effect on the host
dampens the immunological response, permitting other microbes to persist and thrive
in an immunologically compromised host domain [55,56]. In the early stages of disease,
A. actinomycetemcomitans has an impact on the innate immune system by virtue of its effect
on (1) the epithelial barrier (cytolethal distending toxin [57]), (2) serum-derived complement
resistance (Omp and ApiA) [38], and (3) leukocytes and monocytes (leukotoxins) [58,59].
The least understood of these virulence traits is complement resistance, a trait that occurs
in the earliest stages of disease [17]. This study has been developed to better understand
the role of ApiA as a trimeric autotransporter protein in complement resistance as well as
auto-aggregation and epithelial cell binding [15,16].

ApiA, a trimeric multifunctional protein, has been proposed to be a critical virulence
factor in periodontitis, occurring in children and young adolescents [15]. Most importantly,
A. actinomycetemcomitans ApiA is thought to affect the early stages of disease in patients who
suffer from Stage III Grade C (LAgP) periodontitis [16]. As a multifunctional omp, ApiA
is uniquely positioned for auto-aggregation and biofilm formation as well as epithelial
cell binding [18]. When A. actinomycetemcomitans migrates subgingivally, it is confronted
by crevice fluid, a serum exudate containing complement protein [45]. ApiA was first
characterized by Asakawa in 2003 [29]. While these studies have provided some insight
into the importance of ApiA (e.g., Omp100), the specific identification of regions of interest
in the gene locus and the functionality of the gene remained unresolved [15,17,29]. Defining
these regions could help develop potent vaccine candidates and/or peptides related to
active sites that could be used to interfere with local complement activity.

This study has helped identify regions within the passenger domain of apiA that are
critical for the multi-functional capability of ApiA. Disease progression is not caused by mi-
croorganisms alone but is due to the way in which the host immune response modulates the
challenge, which could either amplify or reduce disease progression [27,33,60,61]. Microbes
are known to protect themselves from complement-related cell surface destruction by
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hijacking host complement regulators from plasma or other body fluids [25]. Pathogens
use a range of strategies that allow them to survive and disseminate in the host. A strategy
of immune evasion through molecular mimicry can provide bacteria with the ability to
imitate host surface proteins, permitting them to persist within the host so as to avoid
destruction by complement proteins [62,63]. A. actinomycetemcomitans displays serum resis-
tance and immune evasion by binding to the complement protein FH by means of its outer
membrane protein, ApiA [46]. Essentially, sequestering Factor H allows the bacterium to
masquerade as a mammalian cell so as to avoid clearance via complement activity [27]. It is
generally hypothesized that upon binding Factor H, the alternative complement pathway
is downregulated, promoting host innate immune evasion [61]. Tricking the complement
system, particularly the alternative complement pathway, enhances microbial virulence
and is spontaneously activated on non-protected surfaces that would be vulnerable. Many
bacterial pathobionts like Neisseria meningitidis, Yersinia pestis, and Treponema denticola have
a variety of strategies to mimic host cell surface molecules, like heparin or glycosaminogly-
can, which cause the complement regulator protein FH to bind to their outer membrane
protein, thereby downregulating the complement system in order to allow for survival in
the host [64–66].

Over years of evolution, FH binding as developed in human cells has been replicated
in bacterial cells such that there is now competition for the sequestration of FH between
specific bacterial cells and host cells [65]. Identifying the domain required for the interaction
with FH could help develop substances (such as small peptides) to help to strengthen the
resistance to complement sensitivity. This study identified ApiA domains responsible for
binding to buccal epithelial cells, auto-aggregation, and the domain that is responsible for
serum resistance. The examination of A. actinomycetemcomitans-related ApiA expression
and functionality in an E. coli host has enabled the identification of regions responsible
for surface expressed proteins that can be induced, isolated, analyzed, and functionally
characterized. The focus of this study was on the surface expression of ApiA. Auto-
aggregation and buccal epithelial cell binding can only take place if surface interactions
occur. To ensure that these functional activities were due to the surface expression of ApiA,
fluorescent antibody detection, followed by a TEM examination of gold-labeled antibody
directed to the passenger domain of ApiA, was carried out. These tools provided visual
evidence that ApiA was surface-expressed. After assurance that the surface expression
was reproducible, the functional activities of surface expressed proteins were examined
using the quantitation of auto-aggregation and epithelial cell binding. In all cases, ApiA
expression proteins induced in E. coli showed distinctive and quantitatively reproducible
functionality. ApiA binding to FH was used to select the most likely region of the apiA
gene responsible for complement resistance and FH binding. It was revealing to discover
that polyclonal antibody and a particular monoclonal antibody proposed to detect FH had
little to no specificity and, as such, bound to all cell surfaces (including a host containing an
empty plasmid that failed to express surface proteins). In contrast, one monoclonal antibody
bound to the full-length ApiA as expressed in E. coli as well as to a very specific region
containing 32 amino acids. To confirm the specificity of binding to the complement region of
interest, peptides associated with the critical 32 amino acid region were made and then three
peptide sequences within this 32-amino-acid region were designed. These peptides were
added to untreated serum containing complement protein and revealed that a particular
sequence containing a set of 13 amino acids blocked serum-related complement activity.
This completed our efforts to identify the apiA region of interest in E. coli. Our attention was
then focused on deleting the apiA gene in A. actinomycetemcomitans IDH 781 to determine
its effect on complement resistance as well as how this deletion affected the expression of
several auxiliary genes that regulated the expression of genes of functional prominence.

Reacting IDH781, the A. actinomycetemcomitans WT strain, with serum resulted in 45%
serum resistance when compared to HIS and 38% when compared to the apiA-deleted strain
(SJ13). Other recent studies suggested that OmpA-1 could provide added protection against
complement proteins [17]. Studies have also shown that membrane vesicles secreted by
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strains of A. actinomycetemcomitans can also contribute to complement resistance [38,51].
These forays into complement resistance in A. actinomycetemcomitans indicate that this form
of immune avoidance is potentially greater than currently imagined. In addition, exper-
iments have not been extended to serotype b JP2 strains, most likely because of cloning
difficulties in serotype b strains [67,68]. In spite of these shortcomings, the results of A. acti-
nomycetemcomitans serotype a and d strains, strains which are not related to disease and
which were grown in a manner in the laboratory that may have limited their translatability
to their real-world activity, our data provide a good starting point. Also, the fact that the
isolation of membrane vesicles from A. actinomycetemcomitans shows complement activity
supports the concept that this activity can be more widespread in vivo [17,38]. Further, our
focus on these restricted experimental conditions was due to the fact that previous studies
have failed to make headway in ApiA-related complement resistance. Within the confines
of the limitations of this study design, we feel that the data as presented provide a good
starting point for future investigations.

The second aim of this study was to determine whether there were genes that were
co-regulated with A. actinomycetemcomitans apiA in its interaction with serum. Using qRT-
PCR, a series of candidate genes were examined, which included ompA1, ompA2, oxyR, and
several other genes responsible for homeostatic equilibrium. For example, when ompA1 and
ompA2 gene expression was assessed in wild-type IDH781 as compared to the apiA-deleted
strain (SJ13) in the absence of serum, there was an approximate increase in gene expression
by 50% in the wild-type strain. In comparison, katA and OxyR and ompA1 and ompA2 were
all upregulated in the presence of serum, while these genes were all downregulated in the
presence of serum in SJ13, suggesting that the apiA gene is not just responsible for serum
sensitivity but could also be responsible for other more globally regulatory gene responses.

Overall, these data suggest that not only does the increased expression of apiA in the
presence of serum result in a reduction in serum sensitivity for itself and its community
partners, but this response to serum also provides A. actinomycetemcomitans with added
ways of avoiding environmental hazards by upregulating genes for biofilm formation,
attachment, and oxygen resistance. While much more work is required, these interactions
imply that a multifaceted/coordinated response is a pre-requisite for life in a complex eco-
logical environment. A. actinomycetemcomitans appears to possess many ways of addressing
its need for adaptability, including leukotoxin, cytolethal distending toxin production, and
complement resistance, but extrapolation from the data presented above suggests that
many other interactions are required for survival in a complex ecosystem and that these
unanswered questions warrant continued and expanded research.

Several limitations of this study are clear and include but are not limited to the
following: (1) the need to assess varying growth media, (2) the need to assess different stages
of growth, and (3) the need to assess various strains and species of A. actinomycetemcomitans.
In the future, the JP2 serotype b strain of A. actinomycetemcomitans could be examined.
Since the goal in this study was to provide initial data, future studies could use site-
directed mutagenesis once the critical amino acids required for various functions related
to A. actinomycetemcomitans survival have been identified. In addition, a more precise
definition of FH binding could determined by using alanine substitutions in the regions of
the 13-mer amino acid that has been found to be responsible for Factor H binding in this
study. Furthermore, data related to peptide 1 provide clues that ApiA may be involved
in additional ways, interfering with complement pathways such as the lectin or classical
pathways [24,69]. For example, elevated levels of ompA1 and ompA2 in the presence of
serum support the work by Lindblom and associates and can potentially represent added
ways in which A. actinomycetemcomitans shows adaptive capabilities [17,69].

5. Conclusions

(1) Studies designed to examine the specific region in the A. actinomycetemcomitans apiA
gene responsible for complement resistance were assessed using an E. coli vector to ex-
amine its complement resistance. Sequential gene deletions in apiA were examined by
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immunofluorescence and immunogold transmission electron microscopy for surface
expression and were confirmed by measuring auto-aggregation and buccal epithelial
binding to assess the functional surface expression of apiA;

(2) E. coli-deleted regions (Δ34–80 and Δ186–217) failed to show epithelial cell binding
(Δ34–80) and complement resistance (Δ186–217);

(3) Factor H binding, critical for complement resistance via the alternative pathway, was
used to probe the region(s) most likely responsible for complement resistance, and a
32-amino-acid protein within the Δ186–217 deletion was identified;

(4) Peptides were designed for further testing within this 32-amino-acid region, and a
13-amino-acid segment provided preliminary evidence that this area was responsible
for complement resistance;

(5) apiA was deleted in A. actinomycetemcomitans IDH781, and qRT-PCR was used to
identify several other relevant genes in A. actinomycetemcomitans that were either
up- or downregulated in the presence or absence of serum in wild-type A. actino-
mycetemcomitans or in ΔapiA. actinomycetemcomitans. It was proposed that apiA could
be associated with global regulation or some other regulatory manner that could
affect the expression of prominent stress-related genes that could play a role in overall
A. actinomycetemcomitans adaptability and stress survival;

(6) This is the first study to identify a specific region within apiA responsible for comple-
ment resistance via the alternative pathway and, as such, provides a good starting
point for future studies that can achieve a more in-depth model of complement
resistance and the role of apiA in the global regulation of A. actinomycetemcomitans.
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Abstract: The extracellular matrix of most bacterial biofilms contains polysaccharides, proteins,
and nucleic acids. These biopolymers have been shown to mediate fundamental biofilm-related
phenotypes including surface attachment, intercellular adhesion, and biocide resistance. Enzymes
that degrade polymeric biofilm matrix components, including glycoside hydrolases, proteases, and
nucleases, are useful tools for studying the structure and function of biofilm matrix components and
are also being investigated as potential antibiofilm agents for clinical use. Dispersin B is a well-studied,
broad-spectrum antibiofilm glycoside hydrolase produced by Aggregatibacter actinomycetemcomitans.
Dispersin B degrades poly-N-acetylglucosamine, a biofilm matrix polysaccharide that mediates
biofilm formation, stress tolerance, and biocide resistance in numerous Gram-negative and Gram-
positive pathogens. Dispersin B has been shown to inhibit biofilm and pellicle formation; detach
preformed biofilms; disaggregate bacterial flocs; sensitize preformed biofilms to detachment by
enzymes, detergents, and metal chelators; and sensitize preformed biofilms to killing by antiseptics,
antibiotics, bacteriophages, macrophages, and predatory bacteria. This review summarizes the results
of nearly 100 in vitro and in vivo studies that have been carried out on dispersin B since its discovery
20 years ago. These include investigations into the biological function of the enzyme, its structure and
mechanism of action, and its in vitro and in vivo antibiofilm activities against numerous bacterial
species. Also discussed are potential clinical applications of dispersin B.

Keywords: biofilm matrix; biomaterial coating; DspB; EPS; exopolysaccharide; extracellular DNA;
eDNA; matrix-degrading enzyme; PIA; PNAG; Staphylococcus aureus; Staphylococcus epidermidis

1. Introduction

Biofilms are densely packed communities of microorganisms, enclosed in a self-
synthesized extracellular polymeric matrix, growing attached to a tissue or surface [1].
Biofilm is the primary mode of growth for microbes in most natural, industrial, and
clinical environments. Biofilms exhibit a high tolerance to exogenous stress, and treat-
ment of biofilms with biocides is usually ineffective at eradicating them [2]. Biofilms
create many problems, ranging from industrial corrosion and biofouling to chronic and
nosocomial infections.

Various antibiofilm strategies are currently being investigated. These include bio-
material surface modifications, quorum-sensing inhibitors, quorum-quenching enzymes,
bacteriophages and phage-derived enzymes, and biofilm-matrix-degrading enzymes [3].
The biofilm matrix is a good target for antibiofilm agents because, unlike cells buried deep
within the biofilm colony, the biofilm matrix is highly accessible to the outside environment
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and is inherently porous [4]. Agents that degrade or destabilize the biofilm matrix can
inhibit biofilm formation or promote the detachment of established biofilm colonies [3].
Once the biofilm colony is dispersed, the cells exhibit increased sensitivity to killing by
biocides and host defenses [2].

Numerous biofilm-matrix-degrading enzymes have been described [5–7]. These in-
clude various glycoside hydrolases, proteases, and nucleases, which degrade the polysac-
charide, protein, and nucleic acid components of the biofilm matrix, respectively. These
biopolymers have been shown to mediate fundamental biofilm-related phenotypes includ-
ing surface attachment, intercellular adhesion, and biocide resistance [4]. The advantages of
biofilm-matrix-degrading enzymes are that they exhibit broad-spectrum activity and they
exert little or no selection pressure because they generally do not kill bacteria or inhibit their
growth. The disadvantage of these enzymes is that they release microbial cells from the
biofilm that can spread and cause infections at distant sites or elicit a hyper-inflammatory
or hyper-immunogenic response [6]. Therefore, biofilm-matrix-degrading enzymes may be
more useful for biofilm prevention rather than for the treatment of established biofilms, or
they may need to be used in combination with antimicrobial agents to minimize these risks.

The glycoside hydrolase dispersin B is one of the best-studied biofilm-matrix-degrading
enzymes. Dispersin B hydrolyzes poly-β(1,6)-N-acetylglucosamine (PNAG), a biofilm ma-
trix polysaccharide that plays a role in surface attachment, biofilm formation, and biocide
resistance in a wide range of Gram-negative and Gram-positive pathogens [8]. This review
describes the initial discovery and characterization of dispersin B from Aggregatibacter
actinomycetemcomitans, as well as subsequent studies on its structure and mechanism of
action. Also highlighted are numerous studies demonstrating that dispersin B exhibits
broad-spectrum antibiofilm activity against more than 25 phylogenetically diverse bac-
terial species in vitro and in vivo. Some potential clinical applications of dispersin B,
such as medical device coatings, topical wound gels, and combination products, will also
be discussed.

Discovery of dispersin B: The Gram-negative, non-motile periodontopathogen
A. actinomycetemcomitans forms extremely tenacious biofilms on abiotic surfaces such as
plastic and glass in vitro [9]. Its adherence is so strong that the broth shows no turbidity, re-
moval of cells from the culture vessel surface by vortex agitation is negligible, and aliquots
of medium taken from the culture are often sterile upon subculture. This remarkable
phenotype makes A. actinomycetemcomitans a useful model for studying the process of
biofilm dispersal, because cells that detach from mature biofilm colonies adhere tightly to
the surface of the culture vessel and form independent daughter biofilm colonies that can
be visualized and enumerated (Figure 1, left panel). Screening a transposon mutant library
of A. actinomycetemcomitans strain CU1000 identified five mutant strains that were defective
in biofilm dispersal (Figure 1, right panel). The transposons in three mutant strains inserted
into genes required for lipopolysaccharide O-side-chain biosynthesis [10]; the transposon
in one mutant strain inserted into ptsI, which encodes a regulator of sugar uptake and
catabolite repression (J.B. Kaplan, unpublished results); and the transposon in one mutant
strain (designated JK1023) inserted into a novel gene encoding a putative β-hexosaminidase
enzyme [11]. The gene disrupted in the mutant strain JK1023 was named dspB, and the
protein that it encodes was named dispersin B. A plasmid carrying a wild-type dspB gene
restored the ability of JK1023 biofilm colonies to disperse [11].
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Figure 1. Dispersal of isolated Aggregatibacter actinomycetemcomitans biofilm colonies growing on the
surface of polystyrene Petri dishes: (left panel) wild-type strain CU1000; (right panel) ΔdspB mutant
strain JK1023. Satellite colonies surrounding the dispersed CU1000 biofilm colony were absent in the
JK1023 culture. Photos were taken 3 d after inoculation. Scale bar = 1 mm. Image from [12].

Biological functions of dispersin B: Although the A. actinomycetemcomitans dspB
mutant strain JK1023 exhibited a severe biofilm dispersal defect in broth, it exhibited
wild-type surface attachment and biofilm formation phenotypes (Figure 1). Strain JK1023
also produced colonies on agar that had a hard texture and were extremely difficult to
remove from the agar surface. In test tubes, JK1023 cells aggregated and settled to the
bottom of the tube much more rapidly than cells of the wild-type strain CU1000 [11].
These phenotypes demonstrate that dispersin B decreases the intercellular adhesion of
A. actinomycetemcomitans in vitro. Stacy et al. [13] constructed a ΔdspB mutation in a
different A. actinomycetemcomitans parental strain (strain 624). They confirmed that dis-
persin B promotes biofilm dispersal in vitro and further demonstrated that dispersin-B-
mediated biofilm dispersal is triggered by oxygen and H2O2. In a murine abscess model, the
A. actinomycetemcomitans 624 ΔdspB mutant strain established similar single-species infec-
tions compared to the wild-type strain, but upon co-infection with Streptococcus gordonii the
624 ΔdspB mutant strain formed larger cell aggregates than those formed by the wild-type
strain, and these aggregates were located closer to S. gordonii aggregates than those of
the wild-type strain. These findings suggest that dispersin B can modulate the spatial
organization of cells within multi-species biofilms in vivo.

Zhang et al. [14] constructed a ΔdspB mutation in Actinobacillus pleuropneumoniae strain
4074, a swine pathogen that produces an orthologue of A. actinomycetemcomitans dispersin
B [15]. The A. pleuropneumoniae ΔdspB mutant strain exhibited increased autoaggregation
and biofilm formation in vitro, phenotypes that were not evident when a wild-type dspB
gene was supplied on a plasmid. These findings confirm that dispersin B modulates
bacterial intercellular adhesion and biofilm formation in different species in vitro.

The dspB gene: The A. actinomycetemcomitans dspB gene encodes a protein of 381 amino
acids that includes a 20-amino-acid N-terminal signal sequence that is cleaved upon secre-
tion outside the cell. The genomes of at least 32 different bacterial species contain genes
that exhibit >50% identity to A. actinomycetemcomitans dspB at the amino acid level (Table 1
and Figure 2) These include 16 species of Pasteurellaceae, 15 species of Neisseriaceae, and Car-
diobacterium hominis (family Cardiobacteriaceae). Pasteurellaceae and Neisseriaceae have been
found on the mucosal surfaces of the upper respiratory tracts of vertebrates and are often
opportunistic pathogens [16]. C. hominis is a normal human oral and upper respiratory
commensal that is rarely a cause of endocarditis [17]. The phylogeny of dspB homologues
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was congruent with the phylogenetic tree at the species level (Figure 2), suggesting that
dspB emerged in an ancestor of these three bacterial families. All of the amino acid residues
that play a critical role in A. actinomycetemcomitans dispersin B substrate hydrolysis (Arg27,
Asp183, Glu184, Glu332; see below), as well as the three tryptophan residues at positions
216, 237, and 330 that line part of the substrate-binding pocket, were conserved in 31 of
the 32 dspB homologues analyzed. Only the Kingella oralis homologue has substitutions
at these critical positions (Arg27His, Glu184Ala, Trp237His, Trp330Glu, Glu332Asp). This
suggests that most dspB homologues have the potential to encode functional dispersin B
enzymes. Differences in the lengths of the predicted proteins result from N- or C-terminal
extensions in the sequences of some species. Only small insertions/deletions of 1-4 amino
acids are present within the core region of the protein.

Table 1. Orthologues of A. actinomycetemcomitans dspB in bacteria. Sequences were identified with
a protein BLAST search using A. actinomycetemcomitans dispersin B (GenBank accession number
WP_005566076) as a query sequence.

Species Family GenBank Accession No. Amino Acids

Actinobacillus capsulatus Pasteurellaceae WP_018652103.1 378

Actinobacillus equuli Pasteurellaceae WP_039197353.1 378

Actinobacillus lignieresii Pasteurellaceae WP_126375001.1 377

Actinobacillus pleuropneumoniae Pasteurellaceae WP_005617581.1 377

Actinobacillus succinogenes Pasteurellaceae WP_012072607 508

Actinobacillus suis Pasteurellaceae WP_014991875.1 378

Actinobacillus ureae Pasteurellaceae WP_115607612.1 378

Actinobacillus vicugnae Pasteurellaceae WP_150540037.1 378

Aggregatibacter actinomycetemcomitans Pasteurellaceae WP_005566076 361

Aggregatibacter aphrophilus Pasteurellaceae OBY54997.1 403

Aggregatibacter kilianii Pasteurellaceae WP_275425143.1 339

Basfia succiniciproducens Pasteurellaceae WP_305367133 480

Cardiobacterium hominis Cardiobacteriaceae WP_281839854.1 528

Exercitatus varius Pasteurellaceae WP_317543108.1 508

Haemophilus pittmaniae Pasteurellaceae WP_269457014 381

Kingella oralis Neisseriaceae WP_315367803.1 405

Lonepinella koalarum Pasteurellaceae WP_228777406.1 363

Mannheimia succiniciproducens Pasteurellaceae AAU37718.1 501

Neisseria animaloris Neisseriaceae WP_199901419.1 517

Neisseria brasiliensis Neisseriaceae MRN37458.1 340

Neisseria canis Neisseriaceae WP_085415444.1 508

Neisseria chenwenguii Neisseriaceae WP_199720929.1 421

Neisseria dentiae Neisseriaceae WP_211276428.1 400

Neisseria dumasiana Neisseriaceae WP_085417823.1 395

Neisseria montereyensis Neisseriaceae WP_289623084.1 398

Neisseria musculi Neisseriaceae WP_187000616.1 388

Neisseria oralis Neisseriaceae WP_308022698.1 410
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Table 1. Cont.

Species Family GenBank Accession No. Amino Acids

Neisseria shayeganii Neisseriaceae WP_220457298.1 770

Neisseria wadsworthii Neisseriaceae WP_009115775.1 468

Neisseria weixii Neisseriaceae WP_096294699.1 392

Neisseria zalophi Neisseriaceae WP_318527728.1 398

Neisseria zoodegmatis Neisseriaceae WP_085364538.1 395

Figure 2. Phylogenetic relatedness of dispersin B homologues based on pairwise alignments of
the amino acid sequences listed in Table 1. The alignment was generated using ClustalW, and the
phylogenetic tree was generated using FastTree software. Lacto-N-biosidase from Lactococcus lactis
(GenBank accession number AGY45663.1) was used as an outgroup to locate the root of the tree.
Horizontal branch lengths are proportional to the number of amino acid differences in the pairwise
alignments. Bacterial families are indicated on the right.
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Several studies have investigated the transcriptional regulation of A. actinomycetem-
comitans dspB, which is flanked by an upstream promoter sequence and a downstream
rho-independent transcription terminator sequence and does not appear to be part of an
operon. Stacy et al. [18] analyzed the transcriptome of A. actinomycetemcomitans strain
VT1169 during oxic and anoxic growth using DNA microarrays. They found that dspB
transcription was induced by oxygen. They also cloned the dspB promoter upstream of a
lacZ reporter gene and then introduced the dspB-lacZ reporter gene into A. actinomycetem-
comitans strains 624 and VT1169. When grown as colony biofilms, both reporter strains
exhibited significant β-galactosidase activity under oxic conditions but little activity under
anoxic conditions. Interestingly, dspB induction in both strains could be mitigated by ex-
ogenously added catalase or a mutation in oxyR which encodes a transcriptional regulator.
These findings indicate that dspB transcription is activated during growth with oxygen
in an OxyR-dependent manner, and that the activating factor is likely H2O2. Using these
same two dspB-lacZ reporter strains, Stacy et al. [18] showed that transcription of dspB was
increased >5-fold upon iron restriction. This induction was abolished when FeSO4 was
added to the medium. Furthermore, dspB transcription was increased >30-fold in a Δfur
mutant under the same conditions, confirming that the dspB promoter is regulated by iron
and Fur. Other studies [19,20] showed that postbiotic compounds produced by lactic acid
bacteria can modulate dspB expression and biofilm formation in A. actinomycetemcomitans,
although more studies are needed to determine the mechanism of action and clinical utility
of such compounds.

2. Production of Recombinant Dispersin B

Production of recombinant dispersin B in Escherichia coli: Kaplan et al. [11] con-
structed a plasmid (pRC1) that carries a gene encoding amino acids 21-381 of A. actino-
mycetemcomitans CU1000 dispersin B, fused to a 32-amino-acid C-terminal tail containing a
hexahistidine metal-binding site and a thrombin protease cleavage site that can be used
to cleave the C-terminal tail from the hybrid protein. This gene was located downstream
from an IPTG-inducible tac promoter. E. coli strain BL21(DE3) was transformed with pRC1,
induced with IPTG, and the protein was purified using Ni2+-affinity chromatography. After
cleavage with thrombin, the purified protein migrated with the expected molecular mass of
41.5 kDa. The yield of purified dispersin B was 10 mg/L of culture. Ramasubbu et al. [21]
constructed a similar plasmid (pRC3) that encodes amino acids 21-381 of CU1000 dspB,
fused directly to a hexahistidine metal-binding C-terminal tail to facilitate crystallization.
When expressed from an IPTG-inducible tac promoter on a plasmid and purified by Ni2+-
affinity chromatography, this construct yielded up to 60 mg/L of dispersin B. Yakamdawala
et al. [22] engineered a dspB gene devoid of the trinucleotide ACA. This was accomplished
by silently and consecutively mutating each of the 14 occurrences of ACA in the wild-type
dspB gene using PCR. Previous studies showed that mRNA transcripts lacking ACA se-
quences are protected from degradation by MazF, a sequence-specific endoribonuclease
produced by E. coli. Expression of ACA-less dspB in E. coli strain Tuner(DE3)pLacI gener-
ated 236 mg/L of dispersin B versus 133 mg/L for wild-type dspB when expressed from
a T7 promoter. Gökçen et al. [23] reported a dispersin B yield of about 60 mg/L when a
codon-optimized dspB gene was cloned downstream from a tetracycline promoter/operator,
transformed into E. coli, induced with anhydrotetracycline, and purified by Ni2+-affinity
chromatography. In addition, Zeng et al. [24] reported that hexahistidine-tagged dispersin
B purified on Ni2+ ion-chelated magnetic nanoparticles exhibited higher purity and activity
than protein purified on conventional Ni2+-affinity columns.
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Production of recombinant dispersin B in tobacco: Tobacco expression systems offer
several advantages over E. coli, including lower costs, higher yields, and simplified down-
stream processing. Opdensteinen [25] expressed a codon-optimized, hexahistidine-tagged
A. actinomycetemcomitans dspB gene in Nicotiana tabacum BY2 cells and N. benthamiana plants.
N. benthamiana is a close relative of N. tabacum that is commonly used for “pharming”
of recombinant proteins for clinical use. The recovery of dispersin B in planta was 75%,
its purity was 96%, and a yield of up to 164 mg/kg of plant tissue was reported. These
values were equivalent to those achieved in E. coli, suggesting that scalable purification of
dispersin B in tobacco is feasible.

3. Dispersin B’s Structure and Mechanism of Action

A. actinomycetemcomitans dispersin B was crystalized using the hanging-drop vapor
diffusion technique, and its 3D structure in complex with a glycerol molecule and an acetate
ion at the active site was solved and refined to a resolution of 2.0 Å using the automated
structure solution pipeline autoSHARP [21]. Dispersin B is a monomeric enzyme whose
primary amino acid structure corresponds to that of the glycoside hydrolase family 20 group
of enzymes (CAZY GH_20). This family comprises diverse β-hexosaminidases produced
by both prokaryotes and eukaryotes, as well as lacto-N-biosidase (EC 3.2.1.14), an enzyme
involved in the degradation of human milk oligosaccharides in the gut microbiota of
breast-fed infants.

Like all glycoside hydrolase family 20 enzymes, dispersin B adopts a TIM barrel
protein fold consisting of eight α-helices and eight parallel β-strands that alternate along
the polypeptide backbone (Figure 3). The active site of the enzyme is a large central
cavity at the center of the TIM barrel that exhibits a negative electrostatic potential due
to the presence of a number of polar acidic residues that are also conserved in other β-
hexosaminidases (Figure 4A). Trp216 and Trp330 form the floor of the 12 Å deep substrate-
binding pocket where the hexose ring binds. Asp183 and Glu184 are the catalytic residues
that are conserved in all glycoside hydrolase family 20 enzymes [26–28].

Figure 3. Ribbon diagram of A. actinomycetemcomitans dispersin B; α-helices are colored red and
green; β-strands are colored blue. Image source: Wikimedia Commons.
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Figure 4. Dispersin B’s active site and mechanism of action: (A) Electrostatic surface potential at the
active site showing the negatively charged amino acids (Asp56, Asp183, Glu184, Glu332), which
create a shallow anionic region in the catalytic pocket. The size of the pocket is approximately
12 Å. GOL, glycerol; ACY, acetate. Figure generated using ChimeraX [29]. (B) Substrate hydrolysis
mechanism proposed for dispersin B and other glycoside hydrolase family 20 hexosaminidases. In
this substrate-assisted mechanism, Glu184 acts as the acid/base. The nucleophile is the N-acetyl
group of the substrate, which is assisted by Asp183. Both exo- (dPNAG) and endoglycosidic (PNAG)
cleavage are shown, where the leaving group is either deacetylated or acetylated, respectively. A
suitably positioned Asp183 helps stabilize the oxazolium ion in the transition state. Figure generated
using ChemDraw (PerkinElmer).

Evidence suggests that dispersin B utilizes a substrate-assisted mechanism, com-
monly referred to as the double-displacement retaining mechanism, similar to other β-
hexosaminidases (Figure 4B). A unique feature of this mechanism is the participation of
the acetamido group of the substrate, which provides anchimeric assistance and acts as
the nucleophile while a suitably juxtaposed amino acid residue acts the acid/base. This
mechanism was confirmed using biochemical analyses of native dispersin B enzymes with
different substrates, as well as mutational analyses [27,30–34]. In this mechanism, the
active site residue Asp183 binds to the N-acetyl group of PNAG, and Glu184 serves as
the catalytic acid/base (Figure 4B). Asp183 may also help stabilize the positive charge
that develops in the oxazoline transition state (Figure 4B) or help distort the substrate to
direct the 2-acetamido group toward the anomeric carbon [28]. Proteins with Asp183Asn
and Glu184Gln mutations exhibited >10,000-fold and >70-fold decreased activity, respec-
tively, compared to the wild-type enzyme, irrespective of the substrate used for hydrol-
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ysis. A mutation in another acidic residue located near the catalytic residues (Glu332)
exhibited 2000-fold lower activity than the native enzyme. Glu332 may provide stabiliza-
tion in the transition state while the terminal glucosamine is undergoing conformational
changes [27]. Mutations in Asp147 and Asp245, which are also located in the anionic pocket
near the active site, also exhibited decreased enzyme activity. These residues may play
a role in recognition of the cationic PNAG substrate. Four aromatic amino acid residues
(Tyr187, Tyr278, Trp237, Trp330) line the hydrophobic substrate-binding pocket, where
they bind to and orient the PNAG substrate. As expected, mutations in these residues
exhibited 5–2400-fold less activity that the wild-type enzyme. In addition to these acidic
and aromatic amino acid residues, all β-hexosaminidases have a conserved arginine that is
involved in substrate binding at the active site, equivalent to Arg27 of A. actinomycetem-
comitans dispersin B. Enzymes with Arg27Lys and Arg27Ala mutations exhibited 2400-fold
and >1700-fold reductions in activity, respectively. Overall, these mutational studies con-
firm that dispersin B utilizes the same substrate-assisted mechanism as that utilized by
other glycoside hydrolase family 20 enzymes.

All PNAG exopolysaccharides have been shown to be post-translationally modified
by partial deacetylation (ca. 15–20%), which is critical for PNAG-dependent biofilm for-
mation [8]. Dispersin B exhibits both exo- and endoglycosidase activity against PNAG,
depending on the nature of the substrate [27,31,32,35]. Dispersin B exhibits greater ac-
tivity against fully deacetylated PNAG (dPNAG) than against fully acetylated PNAG.
Thus, the mechanism of action of dispersin B evidently depends on different patterns of
deacetylation [35,36]. Studies utilizing site-directed mutagenesis and synthetic PNAG
oligosaccharides demonstrated that the increased rate of hydrolysis for dPNAG was medi-
ated by interaction of the glucosamine residues of dPNAG with Asp147 and Asp242, which
are located in a shallow anionic groove adjacent to the catalytic pocket [36,37]. Dispersin
B containing an Asp242Asn mutation was highly deficient in endoglycosidase activity
while maintaining exoglycosidase activity. These findings suggest that dispersin B exhibits
endoglycosidic cleavage against dPNAG due to the absence of an acetamido group on
dPNAG. The exhibition of both exo- and endoglycosidic activity by dispersin B might be
critical during biofilm formation and dispersal, since this would catalyze the hydrolysis of
both PNAG and dPNAG in an efficient manner.

4. Dispersin B as a Tool for Studying Biofilms

Dispersin B as a probe for PNAG production: PNAG has been identified as a highly
conserved surface polysaccharide produced by diverse bacterial, fungal, and protozoal
pathogens [38,39]. However, PNAG is difficult to isolate and purify because it is usually
produced at low levels and is tightly bound to the cell surface. An alternative method for
detecting PNAG is fluorescence confocal microscopy using the antigen-specific human
IgG1 monoclonal antibody F598 [38]. Figure 5 shows that the immunoreactivity of Yersinia
pestis cells with mAb F598 was lost after the cells were treated with dispersin B, but not with
chitinase—a related glycoside hydrolase that degrades chitin, a polymer of β(1,4)-linked N-
acetylglucosamine residues [40]. This same dispersin-B-induced loss of immunoreactivity
with mAb F598 was observed in Bacillus subtilis [41] and several other prokaryotic and
eukaryotic pathogens [38,42,43]. These findings demonstrate that dispersin B can function
as a sensitive and specific probe for PNAG.

Dispersin B is often used along with proteinase K and DNase I to investigate the
composition of the biofilm matrix. For example, dispersin B, but not proteinase K or DNase
I, degraded insoluble extracellular matrix components of S. aureus strain SH1000 [44]
and strain MR10 [45], confirming that the biofilm matrix of these strains primarily con-
tains PNAG. This is consistent with the susceptibility of these strains to detachment by
dispersin B.
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Figure 5. Confocal microscopic analysis of PNAG expression by Y. pestis strain KIM6+ grown at 28 ◦C
overnight on Congo red agar. After treatment of bacterial cells with either chitinase (top panels) or
dispersin B (bottom panels), cells were stained with Syto 83 to visualize DNA (red) and Alexa Fluor
488-conjugated mAb F598 to detect PNAG (green). Bars = 10 μm. Figure from Yoong et al. [40].

Eddenden et al. [46] and Eddenden and Nitz [47] leveraged the specificity of dispersin
B to construct a probe (Dispersin B PNAG probe or DiPP) for monitoring and localizing
PNAG production during biofilm formation. DiPP was created by mutating one amino acid
in the dispersin B active site (E184), which rendered the enzyme catalytically inactive but
still capable of binding to PNAG, and then fusing inactive dispersin B to green fluorescent
protein (GFP-DiPP). Fluorescent imaging studies demonstrated that GFP-DiPP bound to
PNAG-dependent cells and biofilms, but not to PNAG-independent cells and biofilms,
thereby demonstrating the specificity of the probe for PNAG. DiPP binding experiments
with the PNAG-producing E. coli strain MG1655 revealed a high concentration of PNAG
at the bacterial cell surface, which was localized in discrete areas. These distinct areas
appeared to slough from the cells and accumulate in interbacterial regions during the
development of a PNAG-dependent biofilm. A helical distribution of staining was also
observed, suggesting spatial organization of PNAG on the cell surface prior to biofilm
formation These experiments demonstrate the potential value of a highly specific dispersin
B probe for monitoring PNAG production.

Dispersin B as a probe for PNAG function: Several studies have used dispersin B
to demonstrate that PNAG plays a role in bacterial intercellular adhesion, biofilm forma-
tion, biofilm porosity, and host cell binding. Al Laham et al. [48] found that S. epidermidis
small-colony variants, which are sometimes associated with device infections, produced
large cell aggregates when cultured under planktonic conditions. These cell aggregates
were completely disintegrated by dispersin B, demonstrating that PNAG serves as an
intercellular adhesin, a finding that was subsequently confirmed by indirect immunoflu-
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orescence assays with anti-PNAG antiserum. Similarly, Amini et al. [49] demonstrated
that exogenously added PNAG enabled non-PNAG-producing strains of E. coli to form
biofilms, a fact that was confirmed when dispersin B treatment abolished the activity.
Ganeshnarayanan et al. [50] measured the transport of water and the cationic surfactant
cetylpyridinium chloride (CPC) through S. epidermidis and A. pleuropneumoniae biofilms
cultured in centrifugal filter devices. Significantly more water and CPC passed through the
biofilms after treatment with dispersin B compared to the amount that passed through un-
treated biofilms. Similarly, significantly more water and CPC passed through S. epidermidis
and A. pleuropneumoniae PNAG-mutant biofilms compared to wild-type biofilms. These
findings suggest that PNAG impedes fluid convection and the transport of small molecules
through biofilms. Similarly, Lin et al. [51] showed that pre-treating PNAG-expressing S.
carnosus cells with dispersin B significantly decreased their ability to bind to human RPMI
2650 nasal epithelial cells.

Dispersin B as a tool for eDNA extraction: Extracellular DNA (eDNA) is an impor-
tant matrix component of many bacterial biofilms, but it is sometimes difficult to isolate
because it binds to other biofilm matrix components, including PNAG [52]. Wu and Xi [53]
showed that when biofilms of Acinetobacter sp. grown in 6-well microtiter plates were
pre-treated with dispersin B, they yielded more eDNA than untreated biofilms. Similarly,
Wu and Xi [54] showed that dispersin B treatment significantly increased the yield of eDNA
extracted from Stenotrophomonas maltophilia and Acinetobacter baylyi AC811 biofilms grown
in 6-well plates. Thus, dispersin B may be a useful tool for eDNA extraction and analysis.

5. Modifications to Dispersin B

Chemical modification of dispersin B: Abdelkader et al. [55] covalently modified
dispersin B with nine cyclodextrin molecules. Cyclodextrins are cone-shaped molecules
that contain a hydrophobic central cavity that can bind to other hydrophobic molecules. The
cyclodextrin modifications had no effect on the ability of dispersin B to detach preformed
biofilms produced by four strains of S. epidermidis. The researchers then covalently linked
ciprofloxacin to a hydrophobic adamantyl group and formed a complex between dispersin
B/cyclodextrin and ciprofloxacin/adamantane to create an “all-in-one” drug delivery
system that could destroy the biofilm matrix and simultaneously release the antibiotic.
When tested against 24-hour-old biofilms produced by S. epidermidis strain 5 (a PNAG-
overproducing strain) in 96-well microtiter plates, the enzyme/antibiotic complex exhibited
a more than 2-log increase in biofilm eradication compared to dispersin B/cyclodextrin
alone, thereby demonstrating the feasibility of this approach.

Dispersin-B-loaded nanoparticles: Various nanobiotechnology-based approaches for
eradicating bacterial biofilms, including functionalized metallic nanoparticles, are being
investigated. To this end, Liu et al. [56] created a fusion protein between dispersin B and
MagR, a protein involved in responses to magnetism in Drosophila melanogaster that can be
used as a fusion partner to functionally immobilize proteins on magnetic surfaces. MagR
was fused to the C-terminus of dispersin B, expressed in E. coli, and purified by Ni2+-affinity
chromatography. The dispersin B-MagR fusion protein was immobilized on Fe3O4/SiO2
magnetic nanoparticles and tested for its ability to detach preformed biofilms produced
by Bacillus cereus, Staphylococcus aureus, and one additional staphylococcal strain in 24-
well microtiter plates. The authors found that Fe3O4/SiO2 nanoparticles loaded with the
dispersin B-MagR fusion protein detached pre-biofilms more efficiently than Fe3O4/SiO2
nanoparticles or the dispersin B-MagR fusion protein alone. In addition, immobilization
of dispersin B-MagR on magnetic nanoparticles increased the stability of the enzyme and
increased its optimal temperature from 30 ◦C to 37 ◦C. Theoretically, this system could be
used to deliver dispersin B to specific sites under the function of a magnetic force. Similarly,
Chen and Lee [57] fused a 12-amino-acid silver-binding peptide to the N-terminus of
dispersin B in order to prepare Ag nanoparticles conjugated with dispersin B. The goal
was to create an agent that could both disrupt biofilms and simultaneously kill plank-
tonic cells released from the disrupted biofilms. Although Ag nanoparticles could not be

170



Pathogens 2024, 13, 668

conjugated with the dispersin B/Ag-binding peptide fusion protein because dispersin B pre-
cipitated in the presence of Ag ions, the fusion protein itself was found to detach preformed
S. epidermidis biofilms grown on silicone sheets or glass coverslips twofold more efficiently
than native dispersin B.

Dispersin B as a medical device coating: Implanted medical devices and wound
dressings coated with dispersin B have the potential to reduce the incidence of device
infections and promote wound healing. Strategies for grafting dispersin B onto solid
surfaces rely on either non-covalent absorption/adsorption of the enzyme to the surface,
or its covalent attachment to the surface. These strategies are designed to achieve a high
local concentration of dispersin B in the vicinity of the biomaterial surface.

One example of non-covalent binding of dispersin B to biomaterials was reported by
Hagan et al. [58], who adsorbed dispersin B and amikacin onto a commercially available,
degradable hydrogel (VetriGel). Although these agents were successfully trapped within
the hydrogel, the chemistry of the hydrogel did not support long-term retention of dispersin
B, and the trapped molecules underwent rapid elution within the first 24 h. A similar
approach was reported by Kaplan et al. [59], who adsorbed dispersin B onto unmodified
polyurethane and Teflon catheters and showed that the coated catheters efficiently resisted
biofilm formation by S. epidermidis. The amount of enzyme retained on the surface was
not measured, although catheters that were pre-coated and dried retained their antibiofilm
activity after one month of storage at 4 ◦C.

Additional studies quantified the adsorption of dispersin B on polyurethane disks,
including those functionalized with acidic and basic groups [60]. These studies showed
that coating polyurethane surfaces with dispersin B resulted in a >1 log unit reduction in
S. aureus and S. epidermidis biofilms compared to the amount of biofilm formed on uncoated
polyurethane. In addition, staphylococcal biofilms that were grown on dispersin-B-loaded
polyurethane disks and rinsed exhibited increased sensitivity to killing by cefamandole
nafate compared to biofilms grown on uncoated polyurethane disks. In a similar study,
Darouiche et al. [61] showed that polyurethane central venous catheters coated with dis-
persin B and triclosan efficiently resisted colonization by S. aureus, S. epidermidis, E. coli, and
C. albicans.

In other studies, dispersin B was trapped within a porous structure of biodegrad-
able asymmetric membranes that were designed for wound dressing applications [62,63].
The efficiency of dispersin-B-loaded poly(3-hydroxybutyrate-co-4-hydroxybutyrate) mem-
branes against S. epidermidis was modest (12% reduction) and occurred only in the case
of preformed biofilms [62]. However, an improved membrane micro/nanostructure con-
trolled by a polymeric porogen, as well as treatment of membrane surfaces with NaOH to
create a surface charge, enhanced the antibiofilm activity of the membrane. Specifically,
S. epidermidis biofilm formation was inhibited by 33%, while 26% of the preformed biofilm
was destroyed [63]. By further improving the nanoporosity and efficiency of a poly(butylene-
succinate-co-adipate)-based asymmetric membrane using a polymeric porogen, Bou Haidar
et al. [64] showed that up to 80% of preformed S. epidermidis biofilms could be eradicated
using this approach.

While a general feature of non-covalently adsorbed proteins is their tendency to
desorb upon extensive dilution with a medium, controlling the nature and density of the
adsorption sites can achieve strong binding of enzymes at surfaces. The latter scenario was
realized by employing the layer-by-layer technique to construct surface hydrogels with a
high density of basic groups, followed by trapping of dispersin B within the coatings [65].
Although dispersin B was retained within the coating only by electrostatic interactions, the
coatings did not elute dispersin B in solution, were highly stable over a wide range of pH
values, and maintained their antibiofilm function after a several-day-long pre-incubation
in buffer solutions. These dispersin-B-loaded coatings inhibited biofilm formation by a
clinical strain of S. epidermidis (Figure 6A). Importantly, this approach enables facile control
of the amount of immobilized dispersin B by modulating the number of polymer layers in
the surface hydrogels.
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Figure 6. Abiotic surfaces coated with dispersin B resist S. epidermidis biofilm formation and surface
attachment: (A) Biofilm formation by S. epidermidis strain NJ9709 on glass slides containing an
ultrathin layered poly(allylamine hydrochloride) (PAH) hydrogel coating (left panel) or a PAH
coating loaded with dispersin B (right panel). Bacteria were cultured inside plastic cloning cylinders
(5 mm internal diameter) that were attached to the slide with high-vacuum grease. After 12 h, the
biofilms were rinsed, the cloning cylinders were removed, and the slides were photographed. The
rings correspond to the footprints of the cloning cylinders. The biofilm appeared as a white film on
the unloaded PAH layer, which was absent on the dispersin-B-loaded PAH layer. (B) Attachment of S.
epidermidis strain ATCC35984 to uncoated stainless steel disks, or to disks coated with polydopamine-
or plasma-based coatings with or without grafted dispersin B. Source: (A) [65]; (B) redrawn from [66].

An alternative strategy for localized protection against biofilm growth is surface
functionalization via covalent attachment of enzymes. For applications in regenerative
medicine, biodegradable polyhydroxyalkanoate (PHA)-based fiber meshes were functional-
ized with dispersin B along with a synthetic antibacterial peptide by covalent conjugation,
which was achieved by using reactive star-shaped macromolecules as an additive to a PHA
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solution [67]. Efficient prevention of bacterial adhesion (88%) and complete inhibition of S.
epidermidis biofilm formation confirmed the successful presentation of the antibiofilm and
antimicrobial agents at the fiber surface.

Covalent modification of solid surfaces, such as stainless steel mimicking the surfaces
of biomedical implants, enables a convenient and rapid method for creating reactive surface
groups using atmospheric plasma technology for the rapid modification of surfaces with
protein-binding interlayers [66,68]. In one example, epoxy-rich films were created by
introducing glycidyl methacrylate in the plasma, followed by covalent immobilization of
dispersin B and a sulfomethoxazole-degrading enzyme (laccase). These coatings resulted
in a 79–84% reduction in adherent S. epidermidis bacteria [68]. The atmospheric plasma
technique was also used to deposit acrylic-based interlayers containing chemically reactive
catechol/quinone groups on metallic surfaces for subsequent immobilization of dispersin
B [66]. This biomimetic approach with both solution-adsorbed polydopamine (PDA) and
plasma-based interlayers showed high antibiofilm activity against S. epidermidis (Figure 6B).

Faure et al. [69] used the redox and adhesive properties of 3,4-dihydroxy-L-phenylalanine
(DOPA) to apply surface modifications on stainless steel surfaces for enzyme immobiliza-
tion. While a cationic polyelectrolyte-bearing catechol unit that mimics the composition
of adhesive proteins present in mussel feet was used to coat the surface, the capability of
poly(methacrylamide)-bearing quinone groups for crosslinking with amine groups was used
to prepare nanogels that could be easily deposited to stainless steel from aqueous solutions.
Dispersin B containing thiol groups was then covalently anchored on the nanogels, resulting
in coatings that provided long-term activity against S. epidermidis [69].

A different, potentially substrate-agnostic approach was recently developed that
involves covalent conjugation of dispersin B to spider silk protein using the transpeptidase
sortase A [70,71]. This approach is based on the ability of the silk protein to self-assemble via
non-covalent interactions within a coating. The ability to use pre-assembly or post-assembly
enzyme conjugation routes provides flexibility in optimizing the surface presentation of
enzymes, because of the ease and efficiency of the conjugation procedure [70].

Despite the specific advantages and disadvantages of the above approaches, they
all have the potential to create bioactive materials that allow local treatment of complex
infections without the need for invasive procedures, and all deserve further development.

Dispersin-B-expressing bacteria as therapeutic agents: Several studies have inves-
tigated the use of genetically engineered bacterial strains expressing dispersin B as live
therapeutics against biofilm-related infections. Garrido et al. [72] constructed an attenu-
ated strain of Mycoplasma pneumoniae that secretes both dispersin B and lysostaphin, an
endopeptidase that cleaves the pentaglycine crossbridge of the staphylococcal cell wall.
This engineered strain significantly reduced S. aureus biofilm formation in polystyrene
microtiter plates and on polyurethane catheters in vitro. In a murine S. aureus catheter
infection model in vivo, mice treated with M. pneumoniae expressing both dispersin B
and lysostaphin exhibited impaired biofilm formation compared to mice treated with M.
pneumoniae expressing dispersin B alone. In addition, the engineered M. pneumoniae cells
were significantly more efficient at inhibiting S. aureus biofilm formation than the purified
dispersin B enzyme alone or supernatants from the engineered strain, suggesting that such
strains have the potential to provide a continuous supply of dispersin B at infection sites.
Since M. pneumoniae is a respiratory pathogen, these engineered strains may be useful for
the treatment of biofilm-associated respiratory infections.

Ghalsasi and Sourjik [73] fused the secretion tag from E. coli OmpA to the N-terminus
of dispersin B and transformed the hybrid gene into E. coli strain W3110, thereby creating
a “disrupter” strain that secretes dispersin B into the surrounding medium. When tested
against preformed biofilms produced by E. coli strain TRMG1655 in 96-well microtiter plates,
the disrupter strain was found to detach 50% of the target biofilm in 12 h when induced
with 100 mM IPTG. Similarly, Ragunath et al. [74] displayed dispersin B on the surface of
E. coli by fusing dispersin B to a 290-amino-acid C-terminal region of A. actinomycetemcomi-
tans Aae, an autotransporter protein involved in host cell binding. The C-terminal region
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of Aae inserts into the outer membrane and anchors the fusion partner in the membrane.
E. coli cells that displayed dispersin B on their surface efficiently detached preformed
S. epidermidis and A. pleuropneumoniae biofilms in a 96-well microtiter plate assay, further
demonstrating the potential utility of this approach for biofilm control.

Enzymatic bacteriophages: Bacteriophages are being investigated as an alternative
to antibiotics for the treatment of bacterial infections, including those caused by biofilms.
Lu and Collins [75] engineered the lytic E. coli-specific phage T7 to express dispersin B
intracellularly during infection so that dispersin B would be released into the extracellular
environment upon cell lysis. When tested against preformed biofilms formed by E. coli
strain TG1 on 96-peg lids, the engineered enzymatic phage reduced bacterial biofilm
cell counts by ≈4.5 log units (≈99.997% removal), which was 2 log units greater than
the reduction achieved with non-enzymatic phages. Schmerer et al. [76] confirmed that
dispersin-B-expressing T7 phages were superior to non-enzymatic phages for eradicating
E. coli biofilms grown for 12–16 h in 24-well microtiter plates, but they were only marginally
better than non-enzymatic phages against E. coli biofilms grown for 7 d in silicone tubing.
These studies demonstrate the feasibility of using engineered enzymatic bacteriophages as
an antibiofilm strategy.

Enzyme cocktails: Wen et al. [77] tested different combinations of dispersin B, pro-
teinase K, and DNase I against biofilms produced by 10 multidrug-resistant Corynebacterium
striatum strains in 96-well microtiter plates. They found that the combination of 20 μg/mL
dispersin B and 20 μg/mL proteinase K was most effective, dispersing at least 50% of the
biofilm in 9/10 strains. Poilvache et al. [78] measured the ability of a tri-enzyme cocktail to
detach biofilms produced by S. aureus, S. epidermidis, and E. coli on titanium surfaces. The
enzymes were a nonspecific endonuclease from Serratia marcescens, an endoglucanase from
Aspergillus niger, and dispersin B from A. pleuropneumoniae. The tri-enzyme combination
exhibited greater biofilm-detaching activity than any of the individual enzymes against
S. epidermidis, but the combination was not more effective than endonuclease alone against
S. aureus or dispersin B alone against E. coli. Exposure of tri-enzyme-treated biofilms to
antibiotics resulted in a 2–3 log unit reduction in the total CFUs compared to biofilms
treated with antibiotics alone in all three species. In a similar study from the same labo-
ratory, Ruiz-Sorribas et al. [79] measured the ability of the tri-enzyme cocktail to detach
three-species biofilms formed by S. aureus, E. coli, and Candida albicans in 96-well microtiter
plates and on glass coverslips. They found that the addition of Bacillus subtilis lyticase or
B. licheniformis subtilisin A was necessary to achieve significant detachment of C. albicans
biofilms. Pre-exposure of three-species biofilms to enzymes potentiated the activity of
antimicrobials against the biofilms, including the activity of caspofungin against C. albicans.
Waryah et al. [80] showed that despite the inferiority of dispersin B to DNase I in dispersing
S. aureus biofilms in a 96-well microtiter plate assay, both enzymes were equally efficient
in enhancing the antibacterial efficiency of tobramycin. However, a combination of these
two enzymes was found to be significantly less effective in enhancing the antimicrobial
efficacy of tobramycin than the individual enzymes alone. Finally, Chiba et al. [81] inves-
tigated the effects of combined RNase A and dispersin B treatment on S. aureus biofilm
formation when grown in 96-well plates. When administered at low concentrations, neither
enzyme alone dispersed the mature biofilms. However, efficient dispersal was achieved by
incubation with both enzymes, even at low concentrations. Taken together, these findings
suggest that combining dispersin B with other biofilm-matrix-degrading enzymes could
increase their efficacy and spectrum of activity.

6. Antibiofilm Activities of Dispersin B against Bacteria

As outlined in Table 2, dispersin B exhibits various antibiofilm activities against more
than 25 different species of Gram-negative and Gram-positive bacteria in vitro. These
activities include (i) inhibition of biotic and abiotic surface attachment; (ii) inhibition
of biofilm formation; (iii) detachment of preformed biofilms; (iv) inhibition of pellicle
formation (biofilms at the air–liquid interface); (v) disaggregation of bacterial flocs (float-
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ing or suspended biofilms); (vi) sensitization of preformed biofilms to detachment by
EDTA, SDS, proteinase K, DNase, and high-velocity water irrigation; (vii) sensitization of
biofilms to killing by antibiotics (ampicillin, cefamandole nafate, ciprofloxacin, clindamycin,
rifampicin, tetracycline, tobramycin, vancomycin), antiseptics (benzoyl peroxide, cetylpyri-
dinium chloride, SDS, triclosan), antimicrobial peptides (KSL-W, LL-37, polymyxin B),
bacteriophages, human macrophages, and predatory Bdellovibrio bacteria; and (viii) inhi-
bition of hyphal aggregation and surface adhesion in Streptomyces spp. Taken together,
these findings confirm that PNAG plays a role in diverse biofilm-related functions, and
that dispersin B exhibits broad-spectrum antibiofilm activity.

Table 2. Antibiofilm activities of dispersin B against bacteria in vitro.

Species Antibiofilm Activity References

Achromobacter xylosoxidans Inhibits biofilm formation; detaches preformed biofilms. [82]

Acinetobacter baumannii
Inhibits “pellicle” formation at the air–liquid interface; inhibits

biofilm formation; detaches preformed biofilms; sensitizes
preformed biofilms to killing by antimicrobial peptide KSL-W.

[83,84]

Actinobacillus pleuropneumoniae Inhibits biofilm formation; detaches preformed biofilms;
sensitizes preformed biofilms to killing by ampicillin. [14,15,50,85–90]

Aggregatibacter actinomycetemcomitans

Sensitizes planktonic cells to killing by human macrophages;
sensitizes preformed biofilms to detachment by EDTA, SDS,
proteinase K, and DNase; sensitizes preformed biofilms to

killing by cetylpyridinium chloride and SDS; sensitizes
preformed biofilms to killing by predatory Bdellovibrio

bacteriovorus bacteria.

[91–94]

Bordetella pertussis,
B. parapertussis

Inhibits biofilm formation; detaches preformed biofilms;
sensitizes preformed biofilms to killing by antimicrobial

peptides polymyxin B and LL-37.
[82,95–97]

Burkholderia cepacia complex Inhibits biofilm formation; detaches preformed biofilms;
sensitizes biofilms to killing by tobramycin. [43,98]

Corynebacterium striatum Detaches preformed biofilms. [77]

Cutibacterium acnes Inhibits surface attachment and biofilm formation; sensitizes
biofilms to killing by benzoyl peroxide and tetracycline. [99]

Escherichia coli Inhibits biofilm formation; detaches preformed biofilms;
sensitizes biofilms to killing by triclosan and bacteriophages. [61,73,75,78,100,101]

Francisella novicida,
F. philomiragia Detaches preformed biofilms. [102]

Klebsiella pneumoniae Inhibits biofilm formation; sensitizes preformed biofilms to
killing by antimicrobial peptide KSL-W. [83,103]

Pectobacterium atrosepticum,
P. carotovorum Inhibits biofilm formation; detaches preformed biofilms. [104,105]

Pseudomonas fluorescens Inhibits biofilm formation; detaches preformed biofilms;
inhibits attachment of planktonic cells to tomato roots.

[101]; J. B. Kaplan,
unpublished data

Ralstonia solanacearum Inhibits biofilm formation. J. B. Kaplan,
unpublished data

Solobacterium moorei Inhibits biofilm formation. [106]

Staphylococcus aureus

Inhibits biofilm formation; detaches preformed biofilms;
sensitizes preformed biofilms to killing by triclosan, tobramycin,
vancomycin, rifampicin, clindamycin, cefamandole nafate, and

antimicrobial peptide KSL-W.

[60,61,83,103,107–111]

Staphylococcus capitis Detaches preformed biofilms. [112]
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Table 2. Cont.

Species Antibiofilm Activity References

Staphylococcus epidermidis

Inhibits biofilm formation; detaches preformed biofilms;
sensitizes preformed biofilms to killing by triclosan,

cetylpyridinium chloride, ciprofloxacin, rifampicin, and
antimicrobial peptide KSL-W.

[50,55,59,61,82,83,100,
103,108,109,112–118]

Staphylococcus pseudintermedius Inhibits biofilm formation; detaches preformed biofilms. [119]

Streptococcus mutans Detaches preformed biofilms; sensitizes preformed biofilms to
detachment by oral irrigation. [120]

Streptomyces coelicolor,
S. lividans Inhibits surface attachment and hyphal aggregation. [121]

Xanthomonas citri Disaggregates bacterial flocs (floating or suspended biofilms). J. B. Kaplan,
unpublished data

Yersinia pestis Inhibits biofilm formation. [101]

Some studies have shown that the ability of dispersin B to inhibit biofilm formation
and detach preformed biofilms depends on the shape, size, and composition of the culture
vessel. For example, biofilm formation by Cutibacterium acnes was inhibited by dispersin B
when biofilms were cultured in glass tubes, but not when cultured in 96-well polystyrene
microtiter plates [99]. Similarly, dispersin B efficiently detached A. actinomycetemcomitans
biofilms cultured in polystyrene tubes, but not in polystyrene microtiter plate wells [91].
These results may reflect differences in biofilm architecture or biofilm matrix composition
resulting from differences in the culture vessel shape, culture volume, surface-to-volume
ratio, or substrate material. In addition, some studies have found that dispersin B treatment
appears to increase biofilm formation when the biofilm’s biomass is measured using a
crystal violet binding assay. For example, Izano et al. [91] found that treatment of preformed
A. actinomycetemcomitans biofilms cultured in 96-well polystyrene microtiter plates with
dispersin B resulted in a significant increase in crystal violet binding compared to mock-
treated biofilms. Similarly, Atwood et al. [122] found that biofilms formed by S. aureus rsbU
and sigB mutant strains in microtiter plates bound significantly more crystal violet dye
when they were cultured in dispersin-B-supplemented broth compared to the amount of
bound dye in unsupplemented broth. One possible explanation for these results is that
dispersin B increases the volume and porosity of the biofilm matrix, thereby allowing more
crystal violet dye molecules to enter the biofilm.

Numerous studies have reported that dispersin B exhibits no bacteriostatic or bacteri-
cidal activity against a wide range of Gram-positive and Gram-negative bacteria. These
results are most often reported as “data not shown”. However, LeBel et al. [106] found that
dispersin B exhibited dose-dependent growth inhibition of Solobacterium moorei in microtiter
plate wells, with approximately 50% growth inhibition at 5–50 μg/mL dispersin B. Other
studies showed that dispersin B was not cytotoxic against human HEp-2 larynx carcinoma
cells, human HaCaT keratinocytes, human THP-1 monocytes, human MG-63 osteoblasts,
murine J774 macrophages, murine L929 fibroblasts, or sheep erythrocytes [60,64,79].

Antibiofilm activities of dispersin B against staphylococci: S. aureus has received
considerable attention because it causes many serious biofilm-related infections and also
forms PNAG-dependent biofilms. Nearly all S. aureus strains carry the icaADBC operon,
which encodes the enzymes required for PNAG biosynthesis [8]. However, only some
strains appear to rely on PNAG expression for biofilm formation in vitro and in vivo. This
fact is reflected in the varied responses of S. aureus biofilms to dispersin B treatment. For
example, Hogan et al. [107] measured the ability of dispersin B to detach 24-hour-old
S. aureus biofilms grown in plasma-coated microtiter plate wells. They found that dispersin
B at 0.125–4 μg/mL effectively detached biofilms formed by S. aureus strain SH1000, a
methicillin-sensitive S. aureus (MSSA) strain, but not those formed by S. aureus strain JE2, a
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methicillin-resistant S. aureus (MRSA) strain. However, dispersin B at 1 μg/mL was able
to sensitize both SH1000 and JE2 biofilms to killing by a combination of rifampicin and
vancomycin, although the sensitization effect was significantly greater for strain SH1000
(6–7 log units) than for strain USA300 JE2 (1–2 log units). Similarly, Izano et al. [108]
found that dispersin B efficiently detached preformed biofilms produced by MSSA strain
SH1000 in 96-well microtiter plates, but not those produced by MRSA strain 252. However,
dispersin B did not inhibit biofilm formation by either strain, and it did not sensitize MSSA
strain SH1000 biofilms to killing by cetylpyridinium chloride. Asai et al. [109] found that
only one of twelve S. aureus strains isolated from patients with catheter-related bloodstream
infections was susceptible to detachment by dispersin B when cultured in 96-well microtiter
plates. Instead, most strains were sensitive to detachment by proteinase K. Similarly,
Sugimoto et al. [110] found that dispersin B exhibited very limited biofilm inhibition
and detachment activities against a panel of 17 S. aureus strains (10 MSSA, 7 MRSA)
isolated from hospital patients when tested in 96-well microtiter plates. In contrast, Rohde
et al. [111] found that 18 out of 18 S. aureus strains isolated from prosthetic joint infections
were efficiently detached from 96-well plates by dispersin B. These differences may reflect
differences in the media, culture conditions, bacterial strains, or methods used.

Several studies have shown that dispersin B sensitizes S. aureus biofilms to killing
by a variety of antimicrobial agents, including triclosan [59], cefamandole nafate [60],
silver [103], the antimicrobial peptide KSL-W [83], and a combination of rifampicin and
clindamycin [123]. In general, dispersin B appears to sensitize both MSSA and MRSA
biofilms to antibiotic killing.

S. epidermidis is of interest because of its ability to cause biofilm-related implant in-
fections and its high susceptibility to biofilm inhibition and detachment by dispersin
B [59,113]. Unlike S. aureus, only some S. epidermidis strains carry the icaADBC operon.
It is still unclear whether the presence of icaADBC in S. epidermidis is correlated with
an increased risk of device infection. Numerous studies have shown that even low con-
centrations of dispersin B efficiently inhibit and detach PNAG-dependent S. epidermidis
biofilms in vitro [61,67,82,100,109,111,112,114–117,124] and sensitize S. epidermidis biofilms
to killing by antimicrobial agents such as cetylpyridinium chloride [50,108], silver [103],
and rifampicin [118].

Antibiofilm activities of dispersin B against plant pathogens: Dispersin B exhibits
antibiofilm activity against several PNAG-producing plant pathogens, including members
of the genera Ralstonia, Xanthomonas, and Pectobacterium, as well as the plant biocontrol bac-
terium Pseudomonas fluorescens (Figure 7). X. citri subsp. citri, the causative agent of citrus
canker, forms aggregates when cultured in broth (Figure 7A). These aggregates are readily
dissolved by dispersin B, suggesting that PNAG mediates intercellular adhesion in this
species. Dispersin B also inhibited biofilm formation by R. solanacearum in polystyrene mi-
crotiter plates (Figure 7B). R. solanacearum is a causative agent of bacterial wilt in wide range
of host plants. Dispersin B also inhibited biofilm formation by Pseudomonas fluorescens [101],
as well as the binding of P. fluorescens planktonic cells to tomato roots (Figure 7C). Dispersin
B also blocked biofilm formation by P. carotovorum in 96-well plates in vitro [104], as well as
P. carotovorum infection of tobacco leaves in planta when dspB was expressed as a transgene
(Figure 7D). Taken together, these findings suggest that plant-associated bacteria produce
PNAG, and that PNAG contributes to intercellular adhesion, biofilm formation, plant
colonization, and phytopathogenicity in vivo.

In vivo studies: Four different studies have demonstrated that dispersin B exhibits
antibiofilm activity against staphylococci in vivo. Kaplan et al. [125] showed that dispersin
B decreased the ability of S. epidermidis to colonize pig skin by 66–78% compared to a no-
enzyme control. Gawande et al. [103] found that dispersin B combined with a silver wound
dressing showed an 80% reduction in S. aureus MRSA bioburden in a chronic wound
mouse model, compared to a 14% reduction when wounds were treated with a silver
wound dressing alone. Darouiche et al. [61] tested dispersin B against S. aureus in a rabbit
catheter infection model. Only 1 out of 30 catheters coated with dispersin B plus triclosan
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was colonized with S. aureus, compared to 29/30 uncoated control catheters. Finally,
Serrera et al. [126] showed that dispersin B, when used in combination with teicoplanin as
a catheter lock solution in a sheep model of port-related bloodstream infection, reduced the
number of S. aureus infections from 100% to 50% (8/8 versus 4/8) and the number of deaths
from 50% to 0% (4/8 versus 0/8), compared to a teicoplanin catheter lock solution alone.

Figure 7. Effects of dispersin B on plant-associated bacteria: (A) Xanthomonas citri subsp. citri strain
306 forms aggregates when cultured in broth (left panel). These aggregates were rapidly dissolved
upon dispersin B treatment (right panel). (B) Biofilm formation by Ralstonia solanacearum strain
Molk2 in polystyrene microtiter plates in the absence or presence of 20 μg/mL dispersin B. Biofilms
were stained with crystal violet. (C) Binding of Pseudomonas fluorescens strain WCS365 to tomato roots
in the absence or presence of 20 μg/mL dispersin B. Bacteria were mixed with 6-day-old tomato roots
for 90 min. The roots were then crushed, mixed by vortex agitation, diluted, and plated on agar for
CFU enumeration. Each data point represents one individual root. (D) Tobacco leaves infected with
Pectobacterium carotovorum subsp. carotovorum strain ATCC 15713. Leaves were photographed 24 h
after inoculation: (left) wild-type tobacco leaf; (right) leaf from a transgenic tobacco plant expressing
dispersin B. Source: (A–C) J.B. Kaplan, unpublished data; (D) Ragunath et al. [104], N. Ramasubbu,
unpublished data.

7. Concluding Remarks

Dispersin B was licensed to the Canadian company Kane Biotech Inc. (Winnipeg, MB,
Canada) in 2004, initially for the development of medical device coatings and cosmetics.
Pharmaceutical-grade dispersin B (also known as DispersinB®) has been purified from a
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recombinant strain of E. coli, and the enzyme has undergone extensive biocompatibility
testing. Recombinant dispersin B exhibited no cytotoxicity against L-929 cells in vitro and
no mutagenicity or genotoxicity in the Ames test, in an in vitro human peripheral blood
lymphocytes micronuclei assay, and in an in vivo rat blood reticulocyte assay that monitors
chromosomal damage. Additional in vitro and in vivo biocompatibility testing showed
that dispersin B was non-pyrogenic, non-sensitizing, and non-irritating, exhibited no acute
or sub-chronic systemic toxicity, and was not detectable in blood when applied to full-
thickness dermal wounds in pigs. These results suggest that dispersin B is biocompatible
and safe for use on human skin. Dispersin B is also compatible with many antimicrobials,
salts, preservatives, and excipients such as polyols, enabling it to be formulated into
a plurality of products. For commercialization, dispersin B has been formulated into
a gel containing poloxamer 407, glycerol, preservatives, and buffered phosphate. This
formulation exhibits thermosensitive viscosity properties that enable it to form a gel on the
skin. This dispersin B gel formulation has undergone stability and biocompatibility testing
in accordance with ISO 10993 standards for prolonged exposure to breached/compromised
skin, with positive results. Kane Biotech has also obtained promising results with dispersin
B gel in a pig wound-healing study. The product has been designated as a biologic/device
combination product, with the primary mode of action being the device. Dispersin B gel
is currently undergoing the Investigational Device Exemption (IDE) review process with
the FDA Center for Devices and Radiological Health (CDRH), with a plan to commence
clinical trials for chronic wounds and acne vulgaris in 2025.

Dispersin B is a well-characterized PNAG-degrading enzyme that is both a useful tool
for biofilm research and a potential therapeutic agent for the treatment and prevention of
biofilm-related infections in plants and animals. Anti-PNAG antibodies have been shown
to protect mice against local and/or systemic infections by various microbial pathogens,
including Streptococcus pyogenes, S. pneumoniae, Listeria monocytogenes, Neisseria meningitidis
serogroup B, C. albicans, and Plasmodium berghei ANKA, as well as against colonic pathology
in a model of infectious colitis [38]. In addition, PNAG-based vaccines have been shown
to be protective against a variety of PNAG-producing pathogens in animal models [39].
These findings validate PNAG as an antimicrobial target. Because of the large numbers of
bacteria, fungi, and protozoa that produce PNAG [38,39], dispersin B may have applicability
as a broad-spectrum antibiofilm agent. The most practical applications will be those
where dispersin B can be used as a topical agent in the form of a gel, ointment, or spray
in combination with an antimicrobial. These may include agents for the treatment of
wounds, such as surgical site wounds, traumatic wounds, burns, and chronic wounds,
including diabetic foot ulcers; for the treatment and prevention of dermatoses, such as
atopic dermatitis and acne vulgaris; for the treatment of ocular infections, such as blepharitis
and corneal ulcers; for the treatment of aural infections, such as otitis media; and as a pre-
surgical skin antiseptic. Other potential applications include catheter lock solutions and
irrigation solutions or coatings for implanted medical devices.
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Abstract: Aggregatibacter actinomycetemcomitans is a Gram-negative oral bacterium that has been
primarily studied for its role in causing periodontal disease. The bacterium has also been implicated
in several systemic diseases such as endocarditis and soft tissue abscesses. Leukotoxin (LtxA) is
perhaps the best studied protein virulence factor from A. actinomycetemcomitans. The protein can
rapidly destroy white blood cells (WBCs), helping the bacterium to subvert the host immune system.
The functional receptor for LtxA is lymphocyte function associated antigen-1 (LFA-1), which is
expressed exclusively on the surfaces of WBCs. Bacterial expression and secretion of the protein are
highly regulated and controlled by a number of genetic and environmental factors. The mechanism
of LtxA action on WBCs varies depending on the type of cell that is being killed, and the protein has
been shown to activate numerous cell death pathways in susceptible cells. In addition to serving
as an important virulence factor for the bacterium, because of its exquisite specificity and rapid
activity, LtxA is also being investigated as a therapeutic agent that may be used to treat diseases
such as hematological malignancies and autoimmune/inflammatory diseases. It is our hope that this
review will inspire an increased intensity of research related to LtxA and its effect on Aggressive
Periodontitis, the disease that led to its initial discovery.

Keywords: LFA-1; inflammation; leukemia; lymphoma; autoimmune disease; translational research;
drug development; protein drug; allergic asthma; inflammatory bowel disease; Crohn’s disease;
ulcerative colitis

1. Introduction

Aggregatibacter actinomycetemcomitans produces numerous well-studied virulence fac-
tors including cytolethal distending toxin, tight adherence pili, cell-specific adhesins, and
leukotoxin (LtxA). Leukotoxin from A. actinomycetemcomitans has been studied primarily as
a bacterial virulence factor that contributes to the disease process. The protein is thought to
help the bacterium to evade the host immune response during infection by eliminating cer-
tain white blood cells. The clinical relevance of LtxA is supported by the fact that patients
who harbor the highly leukotoxic JP2 strain have an increased risk of developing aggressive
periodontal disease [1]. Because of its numerous unique properties, our laboratory has also
been studying how the protein can serve as a potent and safe therapeutic agent. Much like
other bacterial proteins, such as botulinum toxin and E. coli asparaginase, which have been
used as effective FDA-approved drugs, leukotoxin (LtxA) has significant potential to treat
patients with various white blood cell (WBC) disorders, such as hematologic malignancies
and autoimmune/inflammatory diseases.

The seminal discovery by Lally et al. [2,3] that LtxA binds specifically to lymphocyte
function associated antigen-1 (LFA-1) laid the foundation for understanding how the
protein interacts with host cells and, subsequently, how LtxA can be used to treat patients
with disease. LFA-1 is a beta-2 integrin that is a dimer between CD11a and CD18 [4–6].
LFA-1 is surface localized and found exclusively on WBCs, which explains the target
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specificity of the protein. LFA-1 is highly conserved across species and considered essential
for maintenance of a functional immune system. Initially, there was a controversy as to how
LtxA was delivered [7–10]. Research suggested that LtxA was delivered in extracellular
blebs and not secreted; however, it was subsequently discovered that LtxA was found in
both secreted [11,12] and extracellular blebs [13–15], providing the toxin with both a direct
attack on cell membranes (in the secreted form) and an intracellular attack mode (by blebs
fusing with outer cell membranes).

The physiological role of LFA-1 in mammals is to interact with intercellular adhesion
molecule-1 (ICAM-1) on vascular endothelial cells and mediate the proliferation and
migration of the WBC from the blood stream into the surrounding tissue [6,16,17]. This
migration occurs when WBCs are needed at certain locations in the body due to infection
or injury. Inflammatory cytokines, such as IL-6 and IL-8, serve as signals to mediate the
interaction between LFA-1 and ICAM-1 and subsequent trans-endothelial transmigration.
However, not all WBCs in the body interact with ICAM-1 constantly. In fact, most WBCs
exist in a resting state, whereby they are merely surveying the environment, waiting to
be called upon by the immune system. The interaction between LFA-1 and ICAM-1 is
controlled by the activation state of LFA-1. LFA-1 can exist in three different conformations:
a low-, intermediate-, and high-affinity state [18–21]. In the low-affinity conformation, the
CD11a and CD18 molecules are closed in a tucked-in structure that makes them unavailable
to bind to ICAM-1. This is the resting state that the majority of circulating and tissue-
resident WBCs exhibit. In the intermediate state, LFA-1 is extended and can interact
with ICAM-1, albeit in a low-affinity capacity. In the high-affinity conformation, LFA-1 is
extended and its ligand-binding site is fully available, allowing maximal interaction with
ICAM-1. The activation state of LFA-1 is regulated by chemicals (such as PMA), metals
(such as Mn+, Mg2+, and Ca2+), and cytokines.

While interaction between LFA-1 and ICAM-1 under physiological conditions me-
diates the proliferation and migration of WBCs, contact between LFA-1 and LtxA results
in very rapid cell death. Interestingly, it was discovered that LtxA preferentially kills
activated WBCs that express the high-affinity LFA-1 conformation [22,23]. Physiologically,
this preference makes the most sense since activated, proinflammatory WBCs pose the
greatest threat to the bacterium. Hence, LtxA naturally targets the most active components
of the immune system.

Studies on the WBC killing mechanisms by LtxA have revealed numerous fascinating
and novel discoveries. There are significant differences in how LtxA kills macrophages
and monocytes compared to lymphocytes. While these mechanisms have been described
extensively elsewhere [24–29], a brief summary is described below. For macrophages and
monocytes, LtxA interaction with active LFA-1 results in at least two downstream events:
the activation of a caspase apoptotic pathway and endocytosis of the LtxA-LFA-1 complex
and delivery to the lysosome. LtxA appears to cause significant disruption and damage
to the lysosomal membrane, which seals the fate of the cell. Thus, it appears that LtxA
activates at least two non-redundant killing pathways to ensure death of the cell.

For T-lymphocytes, LtxA initially contacts LFA-1 on the surface and then also appears
to recruit FAS (CD95) death receptor to the complex to activate the FAS death receptor
pathway. Normally, FAS death receptor requires contact with FAS ligand (FASL) for the
activation and initiation of cell death. However, LtxA bypasses the requirement for FASL
and is able to directly activate caspase-8 and the induction of cell death. It is interesting
to note that macrophages and monocytes express very little FAS receptor on their surface,
while lymphocytes are known to express abundant levels. Furthermore, macrophages and
monocytes have a high lysosomal content, while lymphocytic cells contain a relatively
small number of lysosomes. Hence, LtxA may have evolved numerous mechanisms to kill
cells based on the death pathways available in each cell type.

While LtxA targets specifically cells that express LFA-1, not all cell types are equally
sensitive to the bacterial protein. Both the surface levels of LFA-1 and activation state
of the molecule affect sensitivity to LtxA. In general, neutrophils and monocytes have
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the highest expression levels of LFA-1, followed by T cells and then B cells. Indeed,
the sensitivity of these cell types is roughly proportional to the levels of LFA-1, with
monocytes and neutrophils being killed most efficiently by LtxA. In vitro and ex vivo
studies have also shown that WBCs that are activated with molecules such as phorbol esters
or certain activating antibodies exhibit 10–100 times greater sensitivity to LtxA than non-
activated cells [22–24]. Furthermore, in vivo studies in rats and dogs have demonstrated
that intravenously administered LtxA preferentially targets cells with the highest levels of
active LFA-1.

A large number of white blood cell diseases are characterized by the overexpression and
activation of LFA-1 such as certain hematologic malignancies and autoimmune/inflammatory
diseases, including inflammatory bowel disease (Crohn’s disease and ulcerative colitis),
rheumatoid arthritis, psoriasis, multiple sclerosis, type I diabetes, allergic asthma, and
dry-eye disease [30–37]. Given LtxA’s preferential killing of cells expressing high levels
of active LFA-1, we postulated that LtxA may serve as an ideal therapeutic agent for
specifically and safely targeting diseased WBCs. This preferential attack on distinct cell
populations is in need of further exploration in periodontal diseases. Below is a description
of the multitudinous ways in which LtxA can be used for treating diseases other than
periodontitis. This broad spectrum of effects supports the concept that LtxA can effect host
immune regulation in several divergent ways.

2. Hematologic Malignancies

Leukemia and lymphoma are cancers of the immune system that are often difficult
to treat [38–41]. The 5-year survival rate for patients with acute myeloid leukemia (AML)
is 30%, which decreases with increasing age. Furthermore, nearly 50% of AML patients
relapse after successful treatment. B cells and T cells can also become malignant and
may circulate throughout the body or grow within lymph nodes. Because LtxA is able to
potentially kill different subsets of WBCs selectively, we initially proposed that LtxA may
be an ideal (effective and targeted) therapeutic agent to treat patients with leukemia and
lymphoma. In these cases, the goal is merely to wipe out the cancerous WBCs.

We have evaluated LtxA in numerous animal models for leukemia and lymphoma [23,27].
In each study, just a few doses of LtxA were sufficient to eliminate the cancer, and the cancer
never returned, suggesting that cells did not develop resistance to the protein. Interestingly,
we never observed resistance to LtxA in any of the animal studies or in vitro studies using
cancer cell lines derived from leukemia and lymphoma patients. Because LtxA employs
numerous mechanisms to kill a cell, we believe that it would be difficult for a cell to develop
resistance to the protein. This property could make LtxA a very effective therapy with a
high unmet need.

We have also evaluated the levels of LFA-1 on WBCs from patients with various
hematologic malignancies, including AML (Figure 1). We found that the levels of LFA-1
varied from low to very high levels on both newly diagnosed and relapsed AML patient
samples. Furthermore, regardless of the levels of LFA-1, LtxA had a significant effect on
the cells, suggesting that even low levels of LFA-1 are sufficient for activity (Figure 1). It
may also be that these cells express the highly active conformation of LFA-1, making them
even more sensitive to LtxA.

In 2021, a pharmaceutical company (Actinobac Biomed, Inc., manufactured in Balti-
more, MD, USA) received IND approval from the FDA to evaluate intravenous LtxA in
patients with relapsed/refractory leukemia and lymphoma, and these trials are pending.
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Figure 1. LFA-1 on peripheral blood mononuclear cells (PBMCs) from AML patients. PBMC samples
from patients with AML were stained with anti-CD11a antibodies and then analyzed via flow
cytometry. The x-axis represents the levels of LFA-1, and the y-axis represents intensity of the peak.
Cell viability was also measured in cells that had been separately treated with LtxA for 4 h. Viability
was determined using the ATP-based Cell-Titer Glo Assay. Leukothera is a potential commercial
name for LtxA.

3. Psoriasis

Psoriasis is the most common autoimmune disease, affecting about 2–3% of the popu-
lation [42–45]. The disease presents in the form of dry, scaley skin that causes significant
discomfort and itchiness for patients. The dry, patchy areas of skin, known as psoriatic

189



Pathogens 2024, 13, 354

plaques, are the result of keratinocytes proliferating and migrating to the surface of the
skin much faster than normal, where they accumulate as a mass of cells. This enhanced
proliferation and migration of skin cells is caused by proinflammatory cytokines that are
secreted by over-reactive WBCs (predominantly T cells) in the underlying vasculature.
Strategies to treat psoriasis include therapeutics directed against these cytokines, as well as
drugs that suppress the immune system (such as steroids).

Given that LFA-1 plays a crucial role in the migration of T cells to the affected tissue in
patients with psoriasis, we postulated that LtxA could be an effective strategy to eliminate
the highly reactive immune cells without affecting the healthy, resting WBCs. We tested
this hypothesis using a humanized mouse model for psoriasis [46]. In brief, human skin
from patients with severe plaque psoriasis was grafted onto the backs of mice, and then
the mice were treated with LtxA. In contrast to the vehicle control, LtxA treatment was
able to essentially reverse the established disease and restore all parameters of healthy skin,
including dermal and epidermal thickness, lymphocyte infiltration, and clinical psoriasis
score (the visual appearance of the skin).

Further evidence that LtxA could be effective for treating inflammatory skin conditions
was provided in a canine model for atopic dermatitis (AD), a common skin condition in
dogs that results in extensive scratching and hair loss. Dogs with AD that were treated
with a single dose of LtxA exhibited skin that was pathologically returned to health
(unpublished results).

4. Allergic Asthma

Allergic asthma is a condition that is often activated by allergens such as house
dust mite and pollen. The result is an accumulation of inflammatory WBCs, such as
neutrophils and macrophages, in the lung tissue and the production of proinflammatory
cytokines [47–51]. Since LFA-1 plays a significant role in the migration of WBCs to the lung
tissue, we sought to determine if WBCs from patients with allergic asthma had higher
levels of LFA-1 than those of healthy controls, as well as if LtxA could be effective in a
mouse model for the disease [52].

Patients with allergic asthma exhibited WBCs that expressed significantly higher levels
of LFA than those of controls. Most strikingly, these patients harbored a subpopulation of
LFA-1-high, CD4-negative WBCs that was completely absent from healthy control subjects.
It is possible that this unique subpopulation of cells is responsible for the over-reactive
immune response in patients with allergic asthma. Furthermore, ex vivo treatment of WBCs
from patients with LtxA revealed that LtxA preferentially eliminated the WBCs expressing
the highest level of LFA-1, while not affecting the healthy, resting-state cells.

We evaluated LtxA in a mouse model for allergic asthma. Mice that are treated
with house dust mite extract through inhalation develop pulmonary inflammation and
a pathology that resembles the human condition. Most notably, a significant infiltrate of
WBCs is detected in the lung sections of the mice. In the employed model, house dust
mite extract treatment is administered for several weeks to allow the development of
the disease. Systemic LtxA was then given to mice, and the treatment was compared
to vehicle control. Mice that were treated with LtxA exhibited a significant reversal of
disease based on WBC infiltrate levels in lung tissue and bronchoalveolar lavage (BAL)
fluid and inflammatory cytokines in the BAL fluid. Interestingly, the WBCs in the BAL fluid
expressed approximately 10-fold higher levels of LFA-1 than the WBCs in the peripheral
blood, suggesting that cells migrating to the airways require LFA-1 to localize there.

5. Inflammatory Bowel Disease

Inflammatory bowel diseases (IBDs) such as Crohn’s disease (CD) and ulcerative
colitis are the result of an over-reactive immune system that targets the gastrointestinal
tissue, resulting in inflammation and subsequent abdominal pain, bleeding, weight loss,
and malnutrition [53–57]. Several studies have shown that LFA-1 plays a crucial role in the
development of the disease.
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Animal and human studies have shown that LFA-1 plays a critical role in the induction
and progression of IBD. Multiple studies using the adoptive T-cell transfer model of chronic
colitis indicated that the transfer of LFA-1 deficient T cells failed to induce chronic colitis in
RAG-1−/− recipient mice, whereas the transfer of wild-type T cells induced severe colitis
in the same immunodeficient recipients. Failure to induce colonic inflammation correlated
with a significant reduction in CD3+CD4+ T cell numbers within the mesenteric lymph
nodes (MLNs) and colonic interstitium. These data demonstrate that LFA-1 is critical
for migration and/or priming within the MLN and the subsequent recruitment of these
T cells into the colonic interstitium to initiate disease [58,59]. Additionally, in a dextran
sodium sulfate (DSS)-induced model of colitis, the loss of LFA-1 significantly attenuated
the development of disease by decreasing leukocyte infiltration and subsequent tissue
damage in the intestine [60]. Furthermore, in a small open-label study with Efalizumab
(anti-LFA-1 antibody), it was found that after 8 weeks of treatment, 67% of patients with
moderate-to-severe refractory CD had a clinical response and 40% went into remission [61].
Collectively, these studies validate LFA-1 as a target in IBD.

We have conducted additional studies with the goal of assessing whether leukocytes
derived from patients with IBD express a higher percentage of LFA-1 compared to healthy
controls and whether these cells are sensitive to LtxA. We isolated PBMCs derived from
healthy controls and IBD patients and assessed the percentage of PBMCs that express
LFA-1 via flow cytometry (Figure 2). We found that PBMCs derived from IBD patients
expressed significantly more LFA-1 compared to healthy controls (Figure 3). Furthermore,
these highly expressing LFA-1 cells were sensitive to LtxA.

Figure 2. LFA-1 levels in PBMCs derived from healthy controls and patients with IBD. PBMCs were
isolated and analyzed using anti-LFA-1 antibody and analyzed via flow cytometry. HC = healthy
control; IBD = patients with Crohn’s disease (CD) or ulcerative colitis (UC). ** indicates p ≤ 0.05.

Figure 3. Sensitivity of PBMCs derived from CD patients to LtxA. PBMCs from two CD patients
were treated with LtxA, and then cells were stained with anti-LFA-1 antibody (to separate high and
low populations) and Annexin-V (to detect cell death).
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We also carried out a study of intestinal tissue to determine if WBCs in the tissue
sourced from Crohn’s disease patients expressed higher levels of LFA-1 than those from
non-CD patients. We found that LFA-1 staining in tissue from CD patients was significantly
greater than similar tissue from non-CD patients (Figure 4). Thus, LtxA may be an effective
approach to eliminate highly reactive immune cells in the GI tracts of patients suffering
from IBD.

Figure 4. Immunohistochemical staining of LFA-1 on GI tissue. (Top) Intestinal tissue from CD
patients or non-CD individuals were stained with anti-CD11a antibody and processed using im-
munohistochemistry. Shown are representative histological samples. (Bottom) The intensity of LFA-1
staining in the tissue samples was quantified as the percentage positive staining area compared to the
total tissue area. Red bars represent CD samples, while green bars represent non-CD samples.
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6. Conclusions

It is clear from the above review that LtxA has many ways of influencing the host
response and affecting disease outcomes. In this review, we have highlighted the utility
of LtxA as a therapeutic agent by modulating host immune responsiveness in a broad
spectrum of immune cell diseases. It is our hope that showing this diverse efficacy can
reinforce the idea that LtxA plays an important role in the disease of interest in this volume,
namely periodontal disease.
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