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Abstract: The Gram-negative bacterium, Aggregatibacter actinomycetemcomitans, has been associated
with localized aggressive periodontitis (LAP). In particular, highly leukotoxic strains of
A. actinomycetemcomitans have been more closely associated with this disease, suggesting that LtxA is
a key virulence factor for A. actinomycetemcomitans. LtxA is secreted across both the inner and outer
membranes via the Type I secretion system, but has also been found to be enriched within outer
membrane vesicles (OMVs), derived from the bacterial outer membrane. We have characterized the
association of LtxA with OMVs produced by the highly leukotoxic strain, JP2, and investigated the
interaction of these OMVs with host cells to understand how LtxA is delivered to host cells in this
OMV-associated form. Our results demonstrated that a significant fraction of the secreted LtxA exists
in an OMV-associated form. Furthermore, we have discovered that in this OMV-associated form,
the toxin is trafficked to host cells by a cholesterol- and receptor-independent mechanism in contrast
to the mechanism by which free LtxA is delivered. Because OMV-associated toxin is trafficked to host
cells in an entirely different manner than free toxin, this study highlights the importance of studying
both free and OMV-associated forms of LtxA to understand A. actinomycetemcomitans virulence.

Keywords: Aggregatibacter actinomycetemcomitans; outer membrane vesicles; leukotoxin; cholesterol;
lymphocyte function-associated antigen-1 (LFA-1); RTX toxin

Key Contribution: This article demonstrates that the leukotoxin produced by A. actinomycetemcomitans
can be delivered in an active form to host cells, in a manner that is distinct from that of the free toxin.

1. Introduction

Aggregatibacter actinomycetemcomitans is associated with localized aggressive periodontitis
(LAP) [1], a disease characterized by rapid and extensive alveolar bone loss [2,3], as well as with
systemic diseases including endocarditis [4]. The current standard treatment of LAP involves
debridement in combination with systemic antibiotics, such as tetracycline. This treatment is ineffective
for up to 25% of patients, [5–7] which has been attributed to increased antibiotic resistance in
A. actinomycetemcomitans [8,9]. A. actinomycetemcomitans produces a number of virulence factors [10],
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including a leukotoxin (LtxA), which specifically kills host immune cells, providing a colonization
advantage for the bacterium [11]. Defining the mechanisms by which LtxA is delivered to host cells
could enable the identification of new therapeutic targets for LAP.

Like other members of the repeats-in-toxin (RTX) family of proteins, LtxA is secreted through
a one-step Type I secretion system, in which the toxin is transported across the inner and outer
membranes in a single step without a periplasmic intermediate [12,13]. In its secreted water-soluble
form, LtxA has been demonstrated to bind to an integrin receptor, lymphocyte function-associated
antigen-1 (LFA-1) [14–16], which is only expressed by human white blood cells, an interaction that
provides the toxin with its cell type specificity, in addition to the cell death receptor, Fas [17]. We have
demonstrated that LtxA also recognizes cholesterol on the host cell plasma membrane [18,19] via a
cholesterol recognition amino acid consensus motif [19] and disrupts bilayer packing of the plasma
membrane by inducing nonlamellar phase formation [20–22]. In THP-1 cells and erythroleukemia
cells, LtxA is then internalized in a lysosome-mediated mechanism [23,24].

In addition to this secretion into the extracellular environment as a free-floating, water-soluble
protein, LtxA, like other members of the RTX toxin family, is also released from the bacterial cell
in association with outer membrane vesicles (OMVs) [25–30], which are formed from the outer
membrane (OM) of Gram-negative bacteria [31–33]. In recent years, significant evidence has
accumulated linking OMVs to virulence [28,34–44] through their ability to enrich and protect virulence
factors and deliver them over longer distances than they would otherwise be able to travel [45].
In A. actinomycetemcomitans, reports have linked the extent of vesiculation to the expression of LtxA,
with highly leukotoxic strains producing significantly more vesicles than minimally or nonleukotoxic
strains [46,47]. Another intriguing discovery is the finding that the OMVs of LtxA-producing
strains of A. actinomycetemcomitans are enriched in LtxA relative to the bacterial cell [27], suggesting
a link between LtxA and OMV biogenesis. However, LtxA is not the only active molecule in
A. actinomycetemcomitans OMVs. OMVs produced by strain D7SS belonging to serotype a have been
shown to include active cytolethal distending toxin (Cdt) [48], as well as to deliver peptidoglycan to the
cytosol to initiate NOD1-dependent NF-κB activation [49]. A. actinomycetemcomitans OMVs have also
been reported to carry several molecules involved in bone resorption, including lipopolysaccharide
(LPS) [50,51] and lipid A-associated proteins [52], as well as numerous virulence factors [53].

Our lab has used knowledge of the mechanism by which free LtxA interacts with host cells
to engineer small peptides to block specific aspects of the toxin’s mechanism in order to inhibit
LtxA-mediated cytotoxicity. In particular, we have successfully inhibited both the toxin’s recognition of
cholesterol [54,55] and the CD11a subunit of LFA-1 [56] to inhibit LtxA-mediated cytotoxicity. However,
the fact that A. actinomycetemcomitans OMVs can be delivered in an LtxA-independent manner suggests
that in this membrane-associated form, LtxA may be delivered to the cell in a cholesterol and/or
LFA-1-independent mechanism, a possibility with important implications in the design of agents to
inhibit LtxA activity. In order to fully inhibit LtxA activity as an anti-virulence strategy we must,
therefore, understand how LtxA is delivered to host cells when it is in this OMV-associated form.
Therefore, our goal in this project was to characterize delivery of LtxA to host immune cells via
OMVs to determine if this delivery system accounts for a significant fraction of LtxA delivery to host
cells and to establish whether the receptors of purified LtxA, LFA-1 and cholesterol, play a role in
OMV-LtxA delivery.

2. Results

2.1. Purification and Characterization of A. actinomycetemcomitans JP2 Outer Membrane Vesicles (OMVs)

A. actinomycetemcomitans was grown to the late log phase, and OMVs were isolated from
the cell-free supernatant. Scanning electron microscopy (SEM) analysis of these OMVs showed
a heterogeneous population of spherical vesicles, one population with diameters of approximately
300 nm and another population with diameters of approximately 60 nm (Figure 1A). Dynamic light
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scattering (DLS) was used to substantiate the diameters visualized by SEM. The number-weighted
probability density in Figure 1B likewise shows a heterogeneous distribution, with one abundant,
small (100 nm) population and a second less abundant, large (325 nm) population, consistent with the
SEM results.
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Figure 1. Characterization of A. actinomycetemcomitans JP2 OMVs. (A) Scanning electron microscope
(SEM) image of A. actinomycetemcomitans JP2 outer membrane vesicles (OMVs). A heterogeneous
population was observed, with one population in the 300 nm diameter range and the second population
in the 60–100 nm diameter range. Scale bar: 300 nm. (B) Dynamic light scattering (DLS) distribution of
OMV sizes obtained from a regularized fit. Two populations of OMV sizes were detected, an abundant
population of small (100 nm) OMVs and a less abundant population of large (325 nm) OMVs.

2.2. Association of LtxA with JP2 OMVs

To determine if JP2 OMVs contain full-length LtxA, a Western blot was conducted. As shown
in Figure 2A, a strong antibody-reactive band with a molecular weight of 114 kDa was detected in
the OMV fraction (lane 3), identical to the purified LtxA band (lane 2), demonstrating that full-length
LtxA is associated with the vesicles. An additional, smaller band was detected in the OMV fraction,
which likely represents a fragment of LtxA containing the C-terminal portion of the protein (as the
antibody used recognizes an epitope in this region of the protein.) A second Western blot was
conducted to compare the relative amounts of LtxA present in the JP2 supernatant in its free and
OMV-associated forms. OMVs were purified by ultracentrifugation, and the pellet containing OMVs
was resuspended in 4 mL phosphate buffered saline (PBS). The OMV-free supernatant (4 mL) was
also collected. Both samples were then analyzed by Western blotting using an anti-LtxA antibody [57].
As shown in Figure 2B, the OMV fraction contained a significant amount of full-length LtxA.
Densitometry analysis using ImageJ was used to determine that the OMVs contained approximately
one-third of the total secreted LtxA.

We next conducted a dot blot to compare the composition of LtxA in both the OMVs and
A. actinomycetemcomitans cells (mass LtxA/mass total protein). Purified LtxA at known protein
concentrations, determined by measuring the absorbance at a wavelength of 280 nm (A280), was spotted
onto a nitrocellulose membrane. JP2 OMVs, purified by ultracentrifugation, and cells were diluted to
the same protein concentrations, corresponding to an A280 of 0.2, lysed, and then spotted on the same
membrane. Detection of LtxA was accomplished using a monoclonal anti-LtxA antibody [57] followed
by GAM-HRP (Figure 2C). ImageJ software was used to measure the intensity of the LtxA spots to
create an intensity vs. LtxA concentration curve to which the intensity of the OMV and cell spots could
be compared. Using this method, we calculated that LtxA comprised approximately 40% (by mass) of
the protein composition of the JP2 OMVs but only 2% of the protein composition of the JP2 cells.
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Figure 2. Association of LtxA with OMVs. (A) Western blot to detect LtxA on purified OMVs (lane 3)
confirms that the vesicles contain full length LtxA (114 kDa). For comparison, purified LtxA is included
in lane 2. (B) Western blot for LtxA comparing purified OMVs with the remaining supernatant (after
ultracentrifugation). OMVs and OMV-free supernatant were diluted to the same volume to allow a
direct comparison of the LtxA content in both fractions. Intact LtxA was detected in both the OMVs
and OMV-free supernatant, with OMVs containing approximately one-third of the total secreted
LtxA. (C) Dot blot comparisons of the LtxA concentration in OMVs and bacterial cells. The OMVs
and bacteria were lysed then spotted on a nitrocellulose membrane at A280 values of 0.2, as marked.
Standards of purified LtxA were also spotted at A280 values of 0.2, 0.1, 0.05, 0.025, 0.0125, and 0.00625.
ImageJ was used to develop a standard curve of spot intensity versus concentration, which was then
used to calculate the LtxA composition of the OMVs and cells.

LtxA has been reported to bind to the A. actinomycetemcomitans cell surface through interactions
with nucleic acids present on the surface [58]. Therefore, we hypothesized that LtxA might reside on
the surface of the OMVs. To determine if this is the case, or if LtxA is located within the lumen of
the OMVs, a trypsin digestion experiment was performed. Both free LtxA and purified OMVs were
incubated with trypsin to digest any exposed LtxA. Figure 3 shows the Western blot of untreated
LtxA, trypsin-treated LtxA, untreated OMVs, and trypsin-treated OMVs. The trypsin digestion was
performed for 5, 15, or 60 min. After a 5-min digestion, 20% of both the free and OMV-associated
LtxA was degraded (lanes 1–4). After a 15-min digestion, approximately 60% of both forms of LtxA
was degraded (lanes 5–8). After 60 min, most of the toxin was digested (lanes 9–12). This result
demonstrates that in the OMV, LtxA resides in a location where it is accessible to trypsin, likely the
surface of the vesicle.
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Figure 3. Western blot for LtxA following trypsin digestion of free and OMV-associated LtxA. Purified
LtxA was untreated (lanes 1, 5, and 9) or incubated with trypsin for 5, 15, or 60 min (lanes 2, 6, and 10,
respectively). Similarly, OMVs were untreated (lanes 3, 7, and 11) or incubated with trypsin for 5,
15, or 60 min (lanes 4, 8, and 12, respectively). No protection of OMV-associated LtxA from trypsin
digestion was observed.

2.3. OMVs Associate with Host Cells

To verify that our purified OMVs associate with and are internalized by THP-1 cells, we labeled
the OMVs with a self-quenching concentration of R18; association of the OMV with either the
plasma membrane or intracellular membranes results in probe dilution and fluorescence dequenching,
observed as an increase in fluorescence associated with the cells. To demonstrate that the observed
increase in fluorescence is due to OMV association with cells, we have visualized the association using
confocal microscopy. R18-OMVs were incubated with THP-1 cells for 0, 1, 2, and 5 h and imaged
by confocal microscopy. As shown in Figure S1, little fluorescence is observed at early time-points,
but after a 2 h incubation, the R18 dye can be seen on the cell membrane (Figure S1). After a 5 h
incubation, the fluorescence is greater and localized throughout the cell. To determine if LtxA is
required for OMV association to host cells, we compared the association of purified OMVs produced
by an ltxA mutant strain AA1704 with the association of purified JP2 OMVs with THP-1 cells. Strain
AA1704 is an isogenic mutant of JP2 in which the ltxA gene has been knocked out [59]. A slight decrease
in the extent of association was observed in the LtxA-free OMVs at later time points, which may be
due to the toxicity of the LtxA-containing OMVs at these time points. Additionally, analysis of
variance (ANOVA) demonstrated no significant difference in the association of the two types of OMVs.
These results are thus consistent with a previous report [60], and indicate that the presence of LtxA
does not increase the association of OMVs with host cells (Figure 4A).
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2.4. OMV-Associated LtxA Is Active

To determine if LtxA associated with JP2 OMVs is active, THP-1 cells were treated with purified
OMVs produced by either JP2 or an ltxA mutant strain AA1704 [59], at the same concentration as
determined using the FM 4-64 lipid dye, for 16 h. As a positive control, purified LtxA at the same
concentration as in the JP2 OMVs was also incubated with the cells for 16 h. As shown in Figure 4B,
the JP2 OMVs were as toxic to the THP-1 cells as free LtxA, while the AA1704 OMVs, which do
not contain LtxA, were only slightly toxic to the host cells. This finding indicates that even in an
OMV-associated form, LtxA is active against host cells. LtxA-containing OMVs (JP2) are more toxic
than those without LtxA (AA1704), demonstrating that it is the presence of LtxA in the OMVs that
mediates this cytotoxicity.

2.5. Inhibitors of LtxA Are Unable to Inhibit OMV-Associated LtxA

We have previously developed inhibitors of LtxA, based on our knowledge of free LtxA trafficking
to host cells [54–56]. Because a large fraction of secreted LtxA is associated with OMVs, we investigated
whether these inhibitors might be effective in preventing (1) association of the OMVs with host cells
and (2) OMV-LtxA-mediated cytotoxicity.

To inhibit binding of LtxA to LFA-1, our lab has developed a peptide, hW1S4, which is derived
from one of the reported LtxA binding sites of LFA-1 [14] and specifically inhibits LtxA association to
the β-propeller domain of the CD11a subunit of LFA-1 [56]. Additionally, we have created a control
peptide, mW1S4, based on the analogous murine domain of LFA-1, to which LtxA is unable to bind and
which does not inhibit LtxA association with LFA-1 [56]. To determine if inhibition of LtxA binding to
LFA-1 prevents OMV association with host cells, R18-labeled OMVs (purified by ultracentrifugation)
were preincubated with one of the two peptides for 30 min to block the LFA-1 binding sites of LtxA
and then incubated with THP-1 cells at 37 ◦C. Figure 5A shows an increase in cellular fluorescence
through approximately 15 h of incubation, demonstrating association of the OMVs with the cells under
all conditions. The association of untreated, hW1S4-treated and mW1S4-treated OMVs with THP-1
cells is similar, suggesting that, unlike free LtxA, the process of cellular association is not mediated by
recognition of the CD11a subunit of LFA-1 on the host cell by LtxA on the OMV surface.

We also investigated whether the hW1S4 peptide could inhibit OMV-associated LtxA-mediated
cytotoxicity. As shown in Figure 5B, pretreatment of the purified OMVs with the hW1S4 peptide
slightly decreased OMV-mediated cytotoxicity; however, this inhibition was not statistically significant.
The mW1S4 peptide had no effect on OMV-mediated cytotoxicity. Together, these results indicate that
our targeted inhibitor of LtxA binding to LFA-1 is ineffective in preventing OMV-associated LtxA from
interacting with the host cells.

We next investigated whether our inhibitor of LtxA binding to cholesterol could inhibit toxin
delivery when it is in an OMV-associated form. To inhibit free LtxA binding to cholesterol, we have
developed a cholesterol-binding CRAC336WT peptide, which contains the cholesterol-binding motif of
LtxA and retains the cholesterol-binding activity of the toxin [54,55]. In addition, we have developed
a control peptide, CRAC336SCR, which contains a scrambled CRAC motif and thus does not bind
cholesterol or inhibit LtxA activity. In these experiments, THP-1 cells were incubated with one of
the peptides or PBS for 30 min before incubation with R18-labeled OMVs. As shown in Figure 5C,
the fluorescence of cells treated with R18-OMVs increased with time, demonstrating OMV association,
with a plateau in fluorescence at a time of approximately 20 h. The CRAC336WT peptide demonstrated
no inhibitory effect on the OMV association with THP-1 cells, while the CRAC336SCR peptide slightly
increased OMV association with THP-1 cells.

We then investigated whether the CRAC336WT peptide had an effect on OMV-mediated
cytotoxicity. As in the association experiments, the THP-1 cells were treated with either CRAC336WT or
CRAC336SCR, or untreated, and then incubated with purified OMVs. The viability of the OMV-treated
cells was calculated after 16 h of incubation with OMVs. As shown in Figure 5D, the OMV-mediated
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cytotoxicity was approximately 50%. Neither the CRAC336WT nor CRAC336SCR peptide inhibited
this toxicity.
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2.6. OMV-Associated LtxA Is Trafficked to Host Cells in an LFA-1- and Cholesterol-Independent Mechanism

Our results with our targeted inhibitors suggest that in its OMV-associated form, LtxA does not
recognize the same molecules on the host cell surface as it does in its free form. To verify this, we
conducted a series of experiments to determine whether LFA-1 and cholesterol are involved in the
OMV-LtxA trafficking process.

It has been reported that LtxA recognizes the integrin-epidermal growth factor-like (I-EGF)
domains of the CD18 subunit of LFA-1 [61]. To investigate the role of LtxA recognition of this subunit
in OMV association with host cells, we blocked this binding domain using an anti-CD18 (MEM-48)
antibody, which recognizes an epitope located between residues 534–546 of the CD18 subunit [62] and
has previously been shown to inhibit LtxA-mediated cytotoxicity in HL-60 cells [63]. Additionally,
we used a monoclonal antibody against CD11a (EP1285Y), which recognizes a domain of LFA-1 that
is C-terminal to the β-propeller domain to investigate the role of other CD11a domains in OMV
association. IgG was used as a control. We incubated THP-1 cells for 30 min with the antibody before
adding the R18-labeled OMVs. As shown in Figure 6A, the effect of both anti-CD11a and anti-CD18
antibodies on OMV association with THP-1 cells was similar to that of the IgG control, demonstrating
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that blocking either subunit of LFA-1 has no effect on the ability of the OMVs to bind to the cell.
The anti-CD11a antibody did not inhibit OMV-mediated cytotoxicity, while the anti-CD18 antibody
exhibited a slight but statistically significant inhibition of OMV-mediated cytotoxicity (Figure 6B).
In contrast to this slight inhibition of activity, this antibody has been shown to completely abolish the
cytotoxic activity of soluble LtxA [63].Toxins 2018, 10, x FOR PEER REVIEW  9 of 19 
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The role of cholesterol in OMV association with host cells was assessed by investigating R18-OMV
association over time, after inhibiting cholesterol-rich lipid raft formation in THP-1 cells by filipin
III [64]. THP-1 cells were pretreated with filipin III for 30 min and then with R18-OMVs. Filipin III
increased, rather than decreased, the association of JP2 OMVs with THP-1 cells (Figure 6C), but had no
significant effect on OMV-mediated cytotoxicity (Figure 6D).

2.7. OMV-Associated LtxA Is Active against Cells That Lack LFA-1

Together, our results demonstrate that inhibition of OMV-associated LtxA binding to LFA-1 and
cholesterol has little effect on the association of the OMVs with the cells and the resulting cytotoxicity.
The independence of this mechanism on LFA-1 suggests that OMV-associated LtxA may be active in
cells which are not susceptible to free LtxA. To investigate this, we compared the response to OMVs



Toxins 2018, 10, 414 9 of 18

of two Jurkat cell lines: Jn.9, which express CD11a, and J-β2.7, which do not express CD11a [65].
The association of the OMVs to the Jn.9 cells expressing intact LFA-1 was greater than the association
of the OMVs with J-β2.7 cells, which lack functional LFA-1 (Figure 7A). However, the difference was
small, and the OMV-mediated cytotoxicity in both cell lines was not significantly different (Figure 7B).
In contrast to these results, soluble LtxA is entirely ineffective in killing the J-β2.7 cells [14]. This result
indicates that OMV-associated LtxA is active against a wider range of cells than free LtxA, as its activity
is LFA-1-independent.
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3. Discussion

In this study, we demonstrated that a large fraction of the LtxA present in the JP2 bacterial
supernatant is associated with OMVs. Our results also demonstrated that the OMV-associated
LtxA is located entirely on the surface of the OMV, which is consistent with previous reports of
the toxin’s strong affinity for the bacterial cell surface [58,66,67]. Importantly, we found that in
this OMV-associated form, although LtxA is on the surface of the vesicle, the OMV is delivered to
THP-1 cells in a cholesterol- and LFA-1-independent mechanism, in contrast to delivery of free LtxA,
which requires both cholesterol and LFA-1 for host cell intoxication [14–16]. We propose that the
LFA-1-independence of this interaction may allow the toxin to be trafficked to host cells beyond just
those that express LFA-1, possibly expanding the role of LtxA in A. actinomycetemcomitans virulence.

A number of RTX toxins have been reported to be delivered to host cells via OMVs, including
Bordetella pertussis adenylate cyclase toxin (ACT), Kingella kingae RtxA, and enterohemorraghic
Escherichia coli (EHEC) hemolysin (Hly) [28,29,68]. Like OMV-LtxA, OMV-ACT was found to be
trypsin sensitive [29], indicating that it is located on the surface of the vesicles. Similarly, EHEC-Hly
was found in low concentrations in the OMV-free supernatant due to rapid binding to the exterior of
OMVs [25,68]. Our results, in combination with these previously reported results, suggest a common
trend for the fate of RTX toxins secreted by a Type I secretion system in which, after secretion across
the inner and outer membranes via Type I secretion, some fraction of the toxin associates with the
bacterial cell or OMV surface rather than being released into the environment in its free form. As a
result, these toxins are found on the surface of the OMVs. Our working model of LtxA delivery to
THP-1 cells by OMVs is shown in Figure 8.
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Figure 8. A model of LtxA association with OMVs and the lipid raft- and LFA-1-independent delivery
to host cells. In this model, LtxA is secreted by A. actinomycetemcomitans through a one-step Type 1
secretion system across the inner and outer membranes. After being released into the extracellular
environment, a significant fraction of the LtxA reassociates with the bacterial surface due to electrostatic
interactions. As OMVs form from the outer membrane, LtxA is incorporated on the surface of
the vesicle.

Significant variation in the reported mechanisms by which OMVs are internalized by host cells
exists in the literature. Lipid raft- and receptor-mediated processes have been reported [69,70] as well
as fusion [71]. In many cases, the delivery of an OMV-associated toxin differs from that of the free toxin.
For example, OMV-associated ACT is reported to require cholesterol [29] but not the CD11b integrin
that free ACT requires [72]. Our results have demonstrated that although free LtxA has an absolute
requirement for both cholesterol and LFA-1 on the host cell [14–16,19], the activity of OMV-associated
LtxA is mostly independent of these two factors.

Recently, it has been proposed that this variation in reported mechanisms of OMV internalization
may be due to variations in OMV sizes in addition to species-dependent differences in protein
composition [43]. Interestingly, we found that OMVs purified from the late log phase of
A. actinomycetemcomitans strain JP2 were heterogeneous in diameter, with one population of
approximately 100 nm and another of approximately 300 nm. Both populations are within the
previously reported size range of OMVs produced by A. actinomycetemcomitans and other species.
For example, A. actinomycetemcomitans strain D7SS OMVs are heterogeneous in size, with sizes similar
to what we observed in JP2 [48]. Our future work aims to refine the current understanding of
A. actinomycetemcomitans OMV delivery by investigating the size-dependence of this process.

We suspect that one of the common purposes of OMVs is to provide an alternative pathway for
the delivery of toxin, perhaps to broaden the range of activity, as we have proposed here for LtxA. We
have previously reported that Vibrio cholerae OMVs, which contain cholera toxin (CT), are internalized
in a GM1-independent manner [73], even though soluble CT requires this ganglioside receptor. OMVs
produced by A. actinomycetemcomitans strain D7SS (serotype a) were observed to contain only the A
and B subunits of Cdt but retain the cytolethal distending activity of Cdt [48]; because both A and
C subunits are required for the cholesterol-dependent binding of the holotoxin [74–77], this finding
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suggests that OMV-mediated delivery of this toxin likely occurs through entirely different mechanisms
than that of the purified, soluble toxin, as well.

In conclusion, this work demonstrates that LtxA is secreted in two distinct forms, a free form
that requires LFA-1 and cholesterol and an OMV-associated form that does not. We propose
that OMV-association provides the toxin with an ability to interact with multiple host cell types,
thus increasing the activity of this toxin. Our current work is focused on identifying the molecules
and pathways involved in OMV-LtxA delivery so that we can design inhibitors of this form of toxin to
develop new therapeutic strategies for LAP.

4. Materials and Methods

4.1. Bacterial Strain Cultivation

A. actinomycetemcomitans strains JP2 (serotype b) [68] and an its ltxA mutant, AA1704 [59],
were grown in a candle jar in 30 g/L trypticase soy broth (BD Biosciences, Franklin Lakes, (NJ,)
USA) with 6 g/L yeast extract (BD Biosciences), supplemented with 0.4% sodium bicarbonate
(Fisher Scientific, Hampton, (NH,) USA), 0.8% dextrose (BD Biosciences), 5 µg/mL vancomycin
(Sigma-Aldrich, St. Louis, (MO,) USA), and 75 µg/mL bacitracin (Sigma-Aldrich).

4.2. Cell Culture

THP-1 leukocytes (ATCC, Manassas, (VA,) USA) were maintained at 37 ◦C in 5% CO2 in RPMI
1640 medium (ThermoFisher Scientific, Waltham, (MA,) USA), supplemented with 10% fetal bovine
serum (FBS, Quality Biological, Gaithersburg, (MD,) USA) and 0.05 mM 2-mercaptoethanol (VWR,
Radnor, (PA,) USA). Two Jurkat cell lines, Jn.9 and the CD11a-deficient mutant, J-β2.7 [66] (gifts from
Dr. Edward Lally, University of Pennsylvania), were cultured in RPMI 1640 medium supplemented
with 10% FBS, 0.1 mM MEM non-essential amino acids, 1x MEM vitamin solution, 2 mM L-glutamine,
and 50 µg/mL gentamicin [18].

4.3. Purification of OMVs

All OMVs used in this study were purified as described previously [78]. The bacteria were grown
to the late exponential phase, then centrifuged twice at 10,000× g for 10 min. The supernatant was
then filtered through at 0.45 µm filter to remove any remaining bacteria. The bacteria-free supernatant
was ultracentrifuged at 105,000× g for 30 min, and the pellets were pooled in phosphate-buffered
saline (PBS, pH 7.4) before the ultracentrifuge step was repeated.

The presence of LtxA in the purified OMVs was verified using sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) followed by Western blotting using anti-LtxA
antibody [57]. First, the proteins in the OMV sample were separated on an 8.5% acrylamide
mini-protean TGX precast gels (Bio-Rad, Hercules, (CA,) USA), then transferred to a nitrocellulose
membrane (Bio-Rad). LtxA was detected using a monoclonal anti-LtxA antibody [57], followed by a
horseradish peroxidase-conjugated goat anti-mouse (GAM-HRP) secondary antibody. Detection was
completed using SuperSignal™ West Dura substrate (ThermoFisher Scientific).

To track OMV association with host cells, purified OMVs were labeled with a self-quenching
concentration (0.5 mg/mL) of octadecyl rhodamine B chloride (R18, ThermoFisher Scientific) [71].
To compare the lipid content between OMV strains, FM 4-64™ dye (ThermoFisher Scientific) was
used. The fluorescence of the labeled OMVs, which is a measure of lipid content, was measured at an
excitation wavelength of 515 nm and emission wavelength of 640 nm using a Tecan plate reader.

4.4. LtxA Purification

LtxA was purified from the A. actinomycetemcomitans culture supernatant, as described
previously [63]. The purity of LtxA was confirmed by SDS-PAGE and the identity was confirmed
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by Western blot, using an anti-LtxA monoclonal antibody [57]. Activity was confirmed using a
cytotoxicity assay.

4.5. Peptide Synthesis

Peptides were synthesized as described previously [54–56] using 9-fluorenylmethylcarbonyl
(Fmoc) solid-phase synthesis.

4.6. Dynamic Light Scattering (DLS)

An ALV/CGS-3 goniometer system was used to determine the average size of the vesicles.
OMV samples suspended in PBS were measured three times for two minutes each at a wavelength
of 632.8 nm and at a 90◦ scattering angle. Vesicle size distributions were calculated using a
number-weighted regularized fit with the coated sphere assumption [79] and a membrane thickness
(r*) of 5 nm [80] using the ALV software ( ALV-5000/E, ALV-GmbH, Langen, Germany, 2001)

4.7. Scanning Electron Microscopy (SEM)

Glass slides (Electron Microscopy Sciences, Hatfield, (PA,) USA) were plasma-cleaned, and the
vesicles were dried and fixed with Karnovsky’s fixative [81]. The vesicles were sequentially dehydrated
in 35, 70, 85, 95, and 100% ethanol solutions followed by 50:50 hexamethyldisilazane (HMDS):ethanol
(Sigma-Aldrich) and finally 100% HMDS [82]. The samples were coated with iridium and visualized
on a Hitachi 4300 scanning electron microscope at an accelerating voltage of 3 kV.

4.8. Immunoblotting

To determine the LtxA composition of A. actinomycetemcomitans OMVs and cells, a dot blot was
performed by first lysing samples with 0.5% Triton-X 100 (Sigma-Aldrich). Next, 2 µL volumes of the
samples, each containing 0.2 mg/mL total protein, determined by the absorbance at a wavelength
of 280 nm (A280), were blotted onto a nitrocellulose membrane (Bio-Rad). Known concentrations
of purified LtxA were also blotted onto the membrane as standards. The membrane was dried and
blocked in blotto solution (5% dried milk in Tris-buffered saline with 0.1% Tween-20 (TBST)) for 1 h.
The presence of LtxA was detected with a monoclonal anti-LtxA antibody [57], followed by goat
anti-mouse horseradish peroxidase (GAM-HRP).

4.9. Trypsin Digestion

A trypsin protection assay was performed to determine the location of LtxA within the OMVs.
LtxA and OMVs were treated with 0.04 mg/mL trypsin (Fisher Scientific) for 5, 15, or 60 min
at 37 ◦C in PBS, pH 7.4. The trypsin was inactivated using 2% formic acid. The proteins were
separated using SDS-PAGE on a 4–15% acrylamide Mini-PROTEAN® TGX™ precast gel (Bio-Rad).
Following transfer to a nitrocellulose membrane, LtxA was detected using an anti-LtxA antibody [57]
followed by GAM-HRP.

4.10. Confocal Imaging

Confocal images were collected using a Nikon Eclipse Ti microscope at 60×magnification. THP-1
cells were added to poly-L-lysine (PLL)-coated plates at 40,000 cells/mL and allowed to settle for 30 min.
The nucleus of the cells was stained using NucBlue™ Live ReadyProbes™ Reagent (ThermoFisher
Scientific, blue). R18-OMVs (red) were incubated with the cells at a volume corresponding to an
approximate concentration of 1 µg LtxA and tracked as they interacted with the cells over 5 h using
a Nikon C2si+ confocal microscope with a 60× oil immersion objective using 405 nm and 561 nm
laser sources.
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4.11. OMV Association Assay

To follow the kinetics of OMV association with THP-1 cells, R18-OMVs were incubated with
THP-1 cells at a volume corresponding to an approximate concentration of 1 µg LtxA per 1 million
THP-1 cells or 2 µg LtxA per one million Jn.9/J-β2.7 cells. (The OMV concentrations varied between
the different cell lines because of varying susceptibility to LtxA; the concentrations were adjusted to
result in a similar amount of cell death after 16 h of exposure to the OMVs.) All incubations were
conducted at 37 ◦C under 5% CO2. The increase in fluorescence due to dye dilution as the OMVs
associated with the cells was tracked over 25 h using a plate reader (Tecan, Männedorf, Switzerland),
with an excitation wavelength of 555 nm and an emission wavelength of 588 nm. The fluorescence was
normalized to the fluorescence of R18-labeled OMVs incubated with cell-free culture media.

4.12. Cytotoxicity Assays

To measure the OMV-mediated cytotoxicity, JP2 OMVs were added to cells at a concentration
corresponding to an approximate LtxA concentration of 1 µg LtxA per one million THP-1 cells or
2 µg LtxA per one million Jn.9/J-β2.7 cells for 16 h. OMVs from strain AA1704 were incubated with
THP-1 cells at a lipid content equal to that of JP2 OMVs, as measured with FM 4-64™ dye. The cellular
metabolic activity was then measured using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT)-based assay. To each sample well, 0.48 mg/mL thiazolyl blue tetrazolium bromide
(Sigma-Aldrich) in PBS was added and incubated for 4 h at 37 ◦C. The media was removed, and the
precipitate was dissolved in dimethyl sulfoxide (DMSO); the absorbance was then measured at a
wavelength of 570 nm [83]. The absorbance from treated cells compared to the absorbance from
non-treated cells was used as a measure of cell viability.

4.13. Inhibition of Cholesterol Binding

To inhibit binding of OMVs to plasma membrane cholesterol, THP-1 cells were incubated with
either the CRAC336WT peptide, which inhibits binding of LtxA to cholesterol or the CRAC336SCR

peptide, a control peptide which does not inhibit binding of LtxA to cholesterol [55], at a final
concentration of 12 µM. After this 30-min incubation, OMVs were added at a concentration
corresponding to an LtxA concentration of 1 µg LtxA per 1 million THP-1 cells. These concentrations
and toxin:peptide ratios were equal to those used previously in our experiments with free LtxA [55].
In a subsequent set of experiments, THP-1 cells were pre-incubated for 30 min with 10 µg/mL filipin
III (Sigma-Aldrich) [48] to disrupt cholesterol-rich lipid rafts before incubation with OMVs at the
same concentration.

4.14. Inhibition of LFA-1 Binding

To inhibit binding of OMVs to LFA-1, OMVs were preincubated for 30 min with either the hW1S4
peptide, analogous to a portion of the β-propeller of the CD11a subunit of human LFA-1, which inhibits
LtxA binding to LFA-1, or the mW1S4 peptide, corresponding to the same domain of murine LFA-1
and which does not inhibit LtxA binding to LFA-1 [56]. Both peptides were used at a concentration of
1.73 µM. The peptide-treated OMVs were then added to the cells at a concentration corresponding to
1 µg LtxA per 1 million THP-1 cells. These concentrations and toxin:peptide ratios were equal to those
used in our previous experiments with free LtxA [56]. Additionally, in a separate set of experiments,
the CD11a or CD18 subunits of the LFA-1 integrin were blocked with anti-CD11a (EP1285Y, ab52895)
or anti-CD18 (MEM-48, ab657) monoclonal antibodies (Abcam, Cambridge, (MA,) USA) or with a
nonspecific rabbit immunoglobulin G (IgG) (EPR25A, ab172730) for 30 min at a concentration of
1 ng/mL before incubation with the OMVs.
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4.15. Statistical Analysis

Data are presented as the mean ± standard deviation, with the noted sample size in the figure
legend. The significance of association data sets was determined with a two-way ANOVA using
OriginPro. The significance of the toxicity results was determined using a two-tailed Student’s t-test
function. P-values less than 0.01 were considered to be statistically significant. Levels of significance
are noted in each figure legend.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6651/10/10/414/
s1, Figure S1: OMV association with THP-1 cells.

Author Contributions: Conceptualization, J.B.N. and A.C.B.; Methodology, J.B.N. and A.C.B.; Investigation, J.B.N.,
E.K. (Evan Koufos), and E.K. (Eric Krueger); Formal Analysis, J.B.N. and A.C.B.; Resources, E.K. (Evan Koufos),
E.K. (Eric Krueger)r, N.V.B. and S.C.K.; Writing-Original Draft Preparation, J.B.N. and A.C.B..; Writing-Review
and Editing, J.B.N., N.V.B., E.T.L., S.C.K., and A.C.B.; Supervision, A.C.B., E.T.L., S.C.K.; Funding Acquisition,
A.C.B., E.K. (Eric Krueger), E.T.L.

Funding: This research was funded by the National Institutes of Health grant numbers [DE022795 (ACB),
DE025275 (ACB), DE009517 (ETL), and DE026962 (Eric Krueger)] and the National Science Foundation grant
number [1554417].

Acknowledgments: We would like to thank Mr. Bill Mushock and Dr. Sabrina Jedlicka for their assistance with
the SEM experiments.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Fine, D.H.; Markowitz, K.; Furgang, D.; Fairlie, K.; Ferrandiz, J.; Nasri, C.; McKiernan, M.; Gunsolley, J.
Aggregatibacter actinomycetemcomitans and its relationship to initiation of localized aggressive periodontitis:
Longitudinal cohort study of initially healthy adolescents. J. Clin. Microbiol. 2007, 45, 3859–3869. [CrossRef]
[PubMed]

2. Baer, P.N. The case for periodontosis as a clinical entity. J. Periodontol. 1971, 42, 516–520. [CrossRef] [PubMed]
3. Lehner, T.; Wilton, J.M.; Ivanyi, L.; Manson, J.D. Immunological aspects of juvenile periodontitis

(periodontosis). J. Period. Res. 1974, 9, 261–272. [CrossRef]
4. Zambon, J.J. Actinobacillus actinomycetemcomitans in human periodontal disease. J. Clin. Periodontol. 1985,

12, 1–20. [CrossRef] [PubMed]
5. Deas, D.E.; Mealey, B.L. Response of chronic and aggressive periodontitis to treatment. Periodontology 2000

2010, 53, 154–166. [CrossRef] [PubMed]
6. Mombelli, A.; Gmur, R.; Gobbi, C.; Lang, N.P. Actinobacillus actinomycetemcomitans in adult periodontitis. II.

Characterization of isolated strains and effect of mechanical periodontal treatment. J. Periodontol. 1994, 65,
827–834. [CrossRef] [PubMed]

7. Christersson, L.A.; Slots, J.; Rosling, B.G.; Genco, R.J. Microbiological and clinical effects of surgical treatment
of localized juvenile periodontitis. J. Clin. Periodontol. 1985, 12, 465–476. [CrossRef] [PubMed]

8. Saxen, L.; Asikainen, S. Metronidazole in the treatment of localized juvenile periodontitis. J. Clin. Periodontol.
1993, 20, 166–171. [CrossRef] [PubMed]

9. Walker, C.B. The acquisition of antibiotic resistance in the periodontal microflora. Periodontology 2000 1996,
10, 79–88. [CrossRef] [PubMed]

10. Fives-Taylor, P.M.; Meyer, D.H.; Mintz, K.P.; Brissette, C. Virulence factors of Actinobacillus
actinomycetemcomitans. Periodontology 2000 1999, 20, 136–167. [CrossRef] [PubMed]

11. Johansson, A. Aggregatibacter actinomycetemcomitans leukotoxin: A powerful tool with capacity to cause
imbalance in the host inflammatory response. Toxins 2011, 3, 242–259. [CrossRef] [PubMed]

12. Crosby, J.A.; Kachlany, S.C. TdeA, a TolC-like protein required for toxin and drug export in Aggregatibacter
(Actinobacillus) actinomycetemcomitans. Gene 2007, 388, 83–92. [CrossRef] [PubMed]

13. Kachlany, S.C.; Fine, D.H.; Figurski, D.H. Secretion of RTX leukotoxin by Actinobacillus actinomycetemcomitans.
Infect. Immun. 2000, 68, 6094–6100. [CrossRef] [PubMed]

http://www.mdpi.com/2072-6651/10/10/414/s1
http://www.mdpi.com/2072-6651/10/10/414/s1
http://dx.doi.org/10.1128/JCM.00653-07
http://www.ncbi.nlm.nih.gov/pubmed/17942658
http://dx.doi.org/10.1902/jop.1971.42.8.516
http://www.ncbi.nlm.nih.gov/pubmed/5284178
http://dx.doi.org/10.1111/j.1600-0765.1974.tb00681.x
http://dx.doi.org/10.1111/j.1600-051X.1985.tb01348.x
http://www.ncbi.nlm.nih.gov/pubmed/3882766
http://dx.doi.org/10.1111/j.1600-0757.2009.00334.x
http://www.ncbi.nlm.nih.gov/pubmed/20403111
http://dx.doi.org/10.1902/jop.1994.65.9.827
http://www.ncbi.nlm.nih.gov/pubmed/7990018
http://dx.doi.org/10.1111/j.1600-051X.1985.tb01382.x
http://www.ncbi.nlm.nih.gov/pubmed/3894435
http://dx.doi.org/10.1111/j.1600-051X.1993.tb00339.x
http://www.ncbi.nlm.nih.gov/pubmed/8450081
http://dx.doi.org/10.1111/j.1600-0757.1996.tb00069.x
http://www.ncbi.nlm.nih.gov/pubmed/9567938
http://dx.doi.org/10.1111/j.1600-0757.1999.tb00161.x
http://www.ncbi.nlm.nih.gov/pubmed/10522226
http://dx.doi.org/10.3390/toxins3030242
http://www.ncbi.nlm.nih.gov/pubmed/22069708
http://dx.doi.org/10.1016/j.gene.2006.10.004
http://www.ncbi.nlm.nih.gov/pubmed/17116373
http://dx.doi.org/10.1128/IAI.68.11.6094-6100.2000
http://www.ncbi.nlm.nih.gov/pubmed/11035711


Toxins 2018, 10, 414 15 of 18

14. Kieba, I.R.; Fong, K.P.; Tang, H.Y.; Hoffman, K.E.; Speicher, D.W.; Klickstein, L.B.; Lally, E.T. Aggregatibacter
actinomycetemcomitans leukotoxin requires β-sheets 1 and 2 of the human CD11a β-propeller for cytotoxicity.
Cell. Microbiol. 2007, 9, 2689–2699. [CrossRef] [PubMed]

15. Lally, E.T.; Hill, R.B.; Kieba, I.R.; Korostoff, J. The interaction between RTX toxins and target cells.
Trend Microbiol. 1999, 7, 356–361. [CrossRef]

16. Lally, E.T.; Kieba, I.R.; Sato, A.; Green, C.L.; Rosenbloom, J.; Korostoff, J.; Wang, J.F.; Shenker, B.J.; Ortlepp, S.;
Robinson, M.K.; et al. RTX toxins recognize a β2 integrin on the surface of human target cells. J. Biol. Chem.
1997, 272, 30463–30469. [CrossRef] [PubMed]

17. DiFranco, K.M.; Johnson-Farley, N.; Bertino, J.R.; Elson, D.; Vega, B.A.; Belinka, B.A.; Kachlany, S.C.
Lfa-1-targeting leukotoxin (LtxA; Leukothera®) causes lymphoma tumor regression in a humanized mouse
model and requires caspase-8 and Fas to kill malignant lymphocytes. Leuk. Res. 2015, 39, 649–656. [CrossRef]
[PubMed]

18. Fong, K.P.; Pacheco, C.M.F.; Otis, L.L.; Baranwal, S.; Kieba, I.R.; Harrison, G.; Hersh, E.V.; Boesze-Battaglia, K.;
Lally, E.T. Actinobacillus actinomycetemcomitans leukotoxin requires lipid microdomains for target cell
cytotoxicity. Cell. Microbiol. 2006, 8, 1753–1767. [CrossRef] [PubMed]

19. Brown, A.C.; Balashova, N.V.; Epand, R.M.; Epand, R.F.; Bragin, A.; Kachlany, S.C.; Walters, M.J.; Du, Y.;
Boesze-Battaglia, K.; Lally, E.T. Aggregatibacter actinomycetemcomitans leukotoxin utilizes a cholesterol
recognition/amino acid consensus site for membrane association. J. Biol. Chem. 2013, 288, 23607–23621.
[CrossRef] [PubMed]

20. Brown, A.C.; Boesze-Battaglia, K.; Du, Y.; Stefano, F.P.; Kieba, I.R.; Epand, R.F.; Kakalis, L.; Yeagle, P.L.;
Epand, R.M.; Lally, E.T. Aggregatibacter actinomycetemcomitans leukotoxin cytotoxicity occurs through bilayer
destabilization. Cell. Microbiol. 2012, 14, 869–881. [CrossRef] [PubMed]

21. Walters, M.J.; Brown, A.C.; Edrington, T.C.; Baranwal, S.; Du, Y.; Lally, E.T.; Boesze-Battaglia, K. Membrane
association and destabilization by Aggregatibacter actinomycetemcomitans leukotoxin requires changes in
secondary structures. Mol. Oral Microbiol. 2013, 28, 342–353. [CrossRef] [PubMed]

22. Krummenacher, C.; Brown, A.C.; Edrington, T.; Shenker, B.J.; Boesze-Battaglia, K. Mechanisms by which
pathogens hijack and utilize membrane domains to mediate cytotoxicity. In The Structure of Biological
Membranes, 3rd ed.; Yeagle, P., Ed.; CRC Press: Boca Raton, FL, USA, 2012.

23. Balashova, N.; Dhingra, A.; Boesze-Battaglia, K.; Lally, E.T. Aggregatibacter actinomycetemcomitans leukotoxin
induces cytosol acidification in LFA-1 expressing immune cells. Mol. Oral Microbiol. 2015, 106–114.

24. DiFranco, K.M.; Gupta, A.; Galusha, L.E.; Perez, J.; Nguyen, T.-V.; Fineza, C.D.; Kachlany, S.C. Leukotoxin
(Leukothera) targets active leukocyte function antigen-1 (LFA-1) protein and triggers a lysosomal mediated
cell death pathway. J. Biol. Chem. 2012, 287, 17618–17627. [CrossRef] [PubMed]

25. Balsalobre, C.; Silvan, J.M.; Berglund, S.; Mizunoe, Y.; Uhlin, B.E.; Wai, S.N. Release of the Type I secreted
α-haemolysin via outer membrane vesicles from Escherichia coli. Mol. Microbiol. 2006, 59, 99–112. [CrossRef]
[PubMed]

26. Hozbor, D.; Rodriguez, M.E.; Fernandez, J.; Lagares, A.; Guiso, N.; Yantorno, O. Release of outer membrane
vesicles from Bordetella pertussis. Curr. Microbiol. 1999, 38, 273–278. [CrossRef] [PubMed]

27. Kato, S.; Kowashi, Y.; Demuth, D.R. Outer membrane-like vesicles secreted by Actinobacillus
actinomycetemcomitans are enriched in leukotoxin. Microb. Pathog. 2002, 32, 1–13. [CrossRef] [PubMed]

28. Maldonado, R.; Wei, R.; Kachlany, S.C.; Kazi, M.; Balashova, N.V. Cytotoxic effects of Kingella kingae outer
membrane vesicles on human cells. Microb. Pathog. 2011, 51, 22–30. [CrossRef] [PubMed]

29. Donato, G.M.; Goldsmith, C.S.; Paddock, C.D.; Eby, J.C.; Gray, M.C.; Hewlett, E.L. Delivery of Bordetella
pertussis adenylate cyclase toxin to target cells via outer membrane vesicles. FEBS Lett. 2012, 586, 459–465.
[CrossRef] [PubMed]

30. Kim, Y.R.; Kim, B.U.; Kim, S.Y.; Kim, C.M.; Na, H.S.; Koh, J.T.; Choy, H.E.; Rhee, J.H.; Lee, S.E. Outer
membrane vesicles of Vibrio vulnificus deliver cytolysin-hemolysin VvhA into epithelial cells to induce
cytotoxicity. Biochem. Bioph. Res. Commun. 2010, 399, 607–612. [CrossRef] [PubMed]

31. Kuehn, M.J.; Kesty, N.C. Bacterial outer membrane vesicles and the host–pathogen interaction. Gene. Dev.
2005, 19, 2645–2655. [CrossRef] [PubMed]

32. Kulp, A.; Kuehn, M.J. Biological functions and biogenesis of secreted bacterial outer membrane vesicles.
Annual Rev. Microbiol. 2010, 64, 163–184. [CrossRef] [PubMed]

http://dx.doi.org/10.1111/j.1462-5822.2007.00989.x
http://www.ncbi.nlm.nih.gov/pubmed/17587330
http://dx.doi.org/10.1016/S0966-842X(99)01530-9
http://dx.doi.org/10.1074/jbc.272.48.30463
http://www.ncbi.nlm.nih.gov/pubmed/9374538
http://dx.doi.org/10.1016/j.leukres.2015.03.010
http://www.ncbi.nlm.nih.gov/pubmed/25850729
http://dx.doi.org/10.1111/j.1462-5822.2006.00746.x
http://www.ncbi.nlm.nih.gov/pubmed/16827908
http://dx.doi.org/10.1074/jbc.M113.486654
http://www.ncbi.nlm.nih.gov/pubmed/23792963
http://dx.doi.org/10.1111/j.1462-5822.2012.01762.x
http://www.ncbi.nlm.nih.gov/pubmed/22309134
http://dx.doi.org/10.1111/omi.12028
http://www.ncbi.nlm.nih.gov/pubmed/23678967
http://dx.doi.org/10.1074/jbc.M111.314674
http://www.ncbi.nlm.nih.gov/pubmed/22467872
http://dx.doi.org/10.1111/j.1365-2958.2005.04938.x
http://www.ncbi.nlm.nih.gov/pubmed/16359321
http://dx.doi.org/10.1007/PL00006801
http://www.ncbi.nlm.nih.gov/pubmed/10355115
http://dx.doi.org/10.1006/mpat.2001.0474
http://www.ncbi.nlm.nih.gov/pubmed/11782116
http://dx.doi.org/10.1016/j.micpath.2011.03.005
http://www.ncbi.nlm.nih.gov/pubmed/21443941
http://dx.doi.org/10.1016/j.febslet.2012.01.032
http://www.ncbi.nlm.nih.gov/pubmed/22289177
http://dx.doi.org/10.1016/j.bbrc.2010.07.122
http://www.ncbi.nlm.nih.gov/pubmed/20682286
http://dx.doi.org/10.1101/gad.1299905
http://www.ncbi.nlm.nih.gov/pubmed/16291643
http://dx.doi.org/10.1146/annurev.micro.091208.073413
http://www.ncbi.nlm.nih.gov/pubmed/20825345


Toxins 2018, 10, 414 16 of 18

33. Mayrand, D.; Grenier, D. Biological activities of outer membrane vesicles. Can. J. Microbiol. 1989, 35, 607–613.
[CrossRef] [PubMed]

34. Amano, A.; Takeuchi, H.; Furata, N. Outer membrane vesicles function as offensive weapons in host-parasite
interactions. Microbes Infect. 2010, 12, 791–798. [CrossRef] [PubMed]

35. Ellis, T.N.; Kuehn, M.J. Virulence and immunomodulatory roles of bacterial outer membrane vesicles.
Microbiol. Mol. Biol. Rev. 2010, 74, 81–94. [CrossRef] [PubMed]

36. Parker, H.; Chitcholtan, K.; Hampton, M.B.; Keenan, J.I. Uptake of Helicobacter pylori outer membrane vesicles
by gastric epithelial cells. Infect. Immun. 2010, 78, 5054–5061. [CrossRef] [PubMed]

37. Mamata, G.; Chan, M.D.; Won, C.C.; Hwa, L.J.; Chul, B.Y.; Jungmin, K.; Chul, L.Y.; Yong, S.S.; Taek, C.D.;
Il, K.S. Staphylococcus aureus produces membrane-derived vesicles that induce host cell death. PLoS ONE
2011, 6, e27958.

38. Schaar, V.; de Vries, S.P.W.; Vidakovics, M.L.A.P.; Boostsma, H.J.; Larsson, L.; Hermans, P.W.M.; Bjartell, A.;
Morgelin, M.; Riesbeck, K. Multicomponent Moraxella catarrhalis outer membrane vesicles induce an
inflammatory response and are internalized by human epithelial cells. Cell. Microbiol. 2011, 13, 432–449.
[CrossRef] [PubMed]

39. Schaar, V.; Nordstrom, T.; Morgelin, M.; Riesbeck, K. Moraxella catarrhalis outer membrane vesicles carry
{beta}-lactamase and promote survival of Streptococcus pneumoniae and Haemophilus influenzae by inactivating
amoxicillin. Antimicrob. Agents Chemother. 2011, 55, 3845–3854. [CrossRef] [PubMed]

40. Elmi, A.; Watson, E.; Sandu, P.; Gundogdu, O.; Mills, D.C.; Inglis, N.F.; Manson, E.; Imrie, L.; Bajaj-Elliott, M.;
Wren, B.W.; et al. Campylobacter jejuni outer membrane vesicles play an important role in bacterial
interactions with human intestinal epithelial cells. Infect. Immun. 2012, 80, 4089–4098. [CrossRef] [PubMed]

41. Chatterjee, D.; Chaudhuri, K. Vibrio cholerae O395 outer membrane vesicles modulate intestinal epithelial
cells in a Nod1 protein-dependent manner and induce dendritic cell-mediated Th2/Th17 cell responses.
J. Biol. Chem. 2013, 288, 4299–4309. [CrossRef] [PubMed]

42. Bonnington, K.E.; Kuehn, M.J. Protein selection and export via outer membrane vesicles. Biochimica Biophysica
Acta—Mol.Cell Res. 2014, 1843, 1612–1619. [CrossRef] [PubMed]

43. Kaparakis-Liaskos, M.; Ferrero, R.L. Immune modulation by bacterial outer membrane vesicles.
Nat. Rev. Immunol. 2015, 15, 375–387. [CrossRef] [PubMed]

44. Schwechheimer, C.; Kuehn, M.J. Outer-membrane vesicles from Gram-negative bacteria: Biogenesis and
functions. Nat. Rev. Microbiol. 2015, 13, 605–619. [CrossRef] [PubMed]

45. Ünal, C.M.; Schaar, V.; Riesbeck, K. Bacterial outer membrane vesicles in disease and preventive medicine.
Semin. Immunopathol. 2011, 33, 395–408. [CrossRef] [PubMed]

46. Lai, C.H.; Listgarten, M.A.; Hammond, B.F. Comparative ultrastructure of leukotoxic and non-leukotoxic
strains of Actinobacillus actinomycetemcomitans. J. Period. Res. 1981, 16, 379–389. [CrossRef]

47. Meyer, D.H.; Fives-Taylor, P.M. Evidence that extracellular components function in adherence of Actinobacillus
actinomycetemcomitans to epithelial cells. Infect. Immun. 1993, 61, 4933–4936. [PubMed]

48. Rompikuntal, P.K.; Thay, B.; Khan, M.K.; Alanko, J.; Penttinen, A.-M.; Asikainen, S.; Wai, S.N.; Oscarsson, J.
Perinuclear localization of internalized outer membrane vesicles carrying active cytolethal distending toxin
from Aggregatibacter actinomycetemcomitans. Infect. Immun. 2011, 80, 31–42. [CrossRef] [PubMed]

49. Thay, B.; Damm, A.; Kufer, T.A.; Wai, S.N.; Oscarsson, J. Aggregatibacter actinomycetemcomitans outer
membrane vesicles are internalized in human host cells and trigger Nod1- and Nod2-dependent NF-κB
activation. Infect. Immun. 2014, 82, 4034–4046. [CrossRef] [PubMed]

50. Kiley, P.; Holt, S.C. Characterization of the lipopolysaccharide from Actinobacillus actinomycetemcomitans Y4
and N27. Infect. Immun. 1980, 30, 862–873. [PubMed]

51. Iino, Y.; Hopps, R.M. The bone-resorbing activities in tissue culture of lipopolysaccharides from the bacteria
Actinobacillus actinomycetemcomitans, Bacteroides gingivalis and Capnocytophaga ochracea isolated from human
mouths. Arch.Oral Biol. 1984, 29, 59–63. [CrossRef]

52. Reddi, K.; Meghji, S.; Wilson, M.; Henderson, B. Comparison of the osteolytic activity of surface-associated
proteins of bacteria implicated in periodontal disease. Oral Dis. 1995, 1, 26–31. [CrossRef] [PubMed]

53. Kieselbach, T.; Zijnge, V.; Granström, E.; Oscarsson, J. Proteomics of Aggregatibacter actinomycetemcomitans
outer membrane vesicles. PLoS ONE 2015, 10, e0138591. [CrossRef] [PubMed]

54. Brown, A.C.; Koufos, E.; Balashova, N.; Boesze-Battaglia, K.; Lally, E.T. Inhibition of LtxA toxicity by blocking
cholesterol binding with peptides. Mol. Oral Microbiol. 2016, 31, 94–105. [CrossRef] [PubMed]

http://dx.doi.org/10.1139/m89-097
http://www.ncbi.nlm.nih.gov/pubmed/2670152
http://dx.doi.org/10.1016/j.micinf.2010.05.008
http://www.ncbi.nlm.nih.gov/pubmed/20685339
http://dx.doi.org/10.1128/MMBR.00031-09
http://www.ncbi.nlm.nih.gov/pubmed/20197500
http://dx.doi.org/10.1128/IAI.00299-10
http://www.ncbi.nlm.nih.gov/pubmed/20876296
http://dx.doi.org/10.1111/j.1462-5822.2010.01546.x
http://www.ncbi.nlm.nih.gov/pubmed/21044239
http://dx.doi.org/10.1128/AAC.01772-10
http://www.ncbi.nlm.nih.gov/pubmed/21576428
http://dx.doi.org/10.1128/IAI.00161-12
http://www.ncbi.nlm.nih.gov/pubmed/22966047
http://dx.doi.org/10.1074/jbc.M112.408302
http://www.ncbi.nlm.nih.gov/pubmed/23275338
http://dx.doi.org/10.1016/j.bbamcr.2013.12.011
http://www.ncbi.nlm.nih.gov/pubmed/24370777
http://dx.doi.org/10.1038/nri3837
http://www.ncbi.nlm.nih.gov/pubmed/25976515
http://dx.doi.org/10.1038/nrmicro3525
http://www.ncbi.nlm.nih.gov/pubmed/26373371
http://dx.doi.org/10.1007/s00281-010-0231-y
http://www.ncbi.nlm.nih.gov/pubmed/21153593
http://dx.doi.org/10.1111/j.1600-0765.1981.tb00989.x
http://www.ncbi.nlm.nih.gov/pubmed/8406899
http://dx.doi.org/10.1128/IAI.06069-11
http://www.ncbi.nlm.nih.gov/pubmed/22025516
http://dx.doi.org/10.1128/IAI.01980-14
http://www.ncbi.nlm.nih.gov/pubmed/25024364
http://www.ncbi.nlm.nih.gov/pubmed/7228391
http://dx.doi.org/10.1016/0003-9969(84)90043-8
http://dx.doi.org/10.1111/j.1601-0825.1995.tb00153.x
http://www.ncbi.nlm.nih.gov/pubmed/7553377
http://dx.doi.org/10.1371/journal.pone.0138591
http://www.ncbi.nlm.nih.gov/pubmed/26381655
http://dx.doi.org/10.1111/omi.12133
http://www.ncbi.nlm.nih.gov/pubmed/26352738


Toxins 2018, 10, 414 17 of 18

55. Koufos, E.; Chang, E.H.; Rasti, E.S.; Krueger, E.; Brown, A.C. Use of a cholesterol recognition amino acid
consensus (CRAC) peptide to inhibit binding to cholesterol by a bacterial toxin. Biochemistry 2016, 55,
4787–4797. [CrossRef] [PubMed]

56. Krueger, E.; Hayes, S.; Brown, A.C. Receptor-based peptides for inhibition of leukotoxin activity.
ACS Infect. Dis. 2018, 4, 1073–1081. [CrossRef] [PubMed]

57. Lally, E.T.; Golub, E.E.; Kieba, I.R. Identification and immunological characterization of the domain
of Actinobacillus actinomycetemcomitans leukotoxin that determines its specificity for human target cells.
J. Biol. Chem. 1994, 269, 31289–31295. [PubMed]

58. Ohta, H.; Kato, K.; Kokeguchi, S.; Hara, H.; Fukui, K.; Murayama, Y. Nuclease-sensitive binding of an
Actinobacillus actinomycetemcomitans leukotoxin to the bacterial cell surface. Infect. Immun. 1991, 59, 4599–4605.
[PubMed]

59. Balashova, N.V.; Crosby, J.A.; Al Ghofaily, L.; Kachlany, S.C. Leukotoxin confers beta-hemolytic activity to
Actinobacillus actinomycetemcomitans. Infect. Immun. 2006, 74, 2015–2021. [CrossRef] [PubMed]

60. Demuth, D.; James, D.; Kowashi, Y.; Kato, S. Interaction of Actinobacillus actinomycetemcomitans outer
membrane vesicles with HL60 cells does not require leukotoxin. Cell. Microbiol. 2003, 5, 111–121. [CrossRef]
[PubMed]

61. Dileepan, T.; Kachlany, S.C.; Balashova, N.V.; Patel, J.; Maheswaran, S.K. Human CD18 is the functional
receptor for Aggregatibacter actinomycetemcomitans leukotoxin. Infect. Immun. 2007, 75, 4851–4856. [CrossRef]
[PubMed]

62. Bazil, V.; Stefanova, I.; Hilgert, I.; Kristofova, H.; Vanek, S.; Horejsi, V. Monoclonal antibodies against
human leucocyte antigens IV. Antibodies against subunits of the LFA-1 (CD11a/CD18) leucocyte-adhesion
glycoprotein. Folia Biologica. 1990, 36, 41–50. [PubMed]

63. Balashova, N.V.; Shah, C.; Patel, J.K.; Megalla, S.; Kachlany, S.C. Aggregatibacter actinomycetemcomitans LtxC
is required for leukotoxin activity and initial interaction between toxin and host cells. Gene 2009, 443, 42–47.
[CrossRef] [PubMed]

64. Norman, A.W.; Demel, R.A.; de Kruyff, B.; van Deenen, L.L.M. Studies on the biological properties of polyene
antibiotics: Evidence for the direct interaction of filipin with cholesterol. J. Biol. Chem. 1972, 247, 1918–1929.
[PubMed]

65. Weber, K.S.; York, M.R.; Springer, T.A.; Klickstein, L.B. Characterization of lymphocyte function-associated
antigen 1 (LFA-1)-deficient T cell lines: The alphal and beta2 subunits are interdependent for cell surface
expression. J. Immunol. 1997, 158, 273–279. [PubMed]

66. Lally, E.T.; Golub, E.E.; Kieba, I.R.; Taichman, N.S.; Decker, S.; Berthold, P.; Gibson, C.W.; Demuth, D.R.;
Rosenbloom, J. Structure and function of the B and D genes of the Actinobacillus actinomycetemcomitans
leukotoxin complex. Microb. Pathog. 1991, 11, 111–121. [CrossRef]

67. Tsai, C.C.; Shenker, B.J.; DiRienzo, J.M.; Malamud, D.; Taichman, N.S. Extraction and isolation of a leukotoxin
from Actinobacillus actinomycetemcomitans with polymyxin B. Infect. Immun. 1984, 43, 700–705. [PubMed]

68. Bielaszewska, M.; Rüter, C.; Kunsmann, L.; Greune, L.; Bauwens, A.; Zhang, W.; Kuczius, T.; Kim, K.S.;
Mellmann, A.; Schmidt, M.A.; et al. Enterohemorrhagic Escherichia coli hemolysin employs outer membrane
vesicles to target mitochondria and cause endothelial and epithelial apoptosis. PLoS Pathog. 2013, 9, e1003797.
[CrossRef] [PubMed]

69. Furuta, N.; Tsuda, K.; Omori, H.; Yoshimori, T.; Yoshimura, F.; Amano, A. Porphyromonas gingivalis outer
membrane vesicles enter human epithelial cells via an endocytic pathway and are sorted to lysosomal
compartments. Infect. Immun. 2009, 77, 4187–4196. [CrossRef] [PubMed]

70. Kesty, N.C.; Mason, K.M.; Reedy, M.; Miller, S.E.; Kuehn, M.J. Enterotoxigenic Escherichia coli vesicles target
toxin delivery into mammalian cells. EMBO J. 2004, 23, 4538–4549. [CrossRef] [PubMed]

71. Bomberger, J.M.; MacEachran, D.P.; Coutermarsh, B.A.; Ye, S.; O′Toole, G.A.; Stanton, B.A. Long-distance
delivery of bacterial virulence factors by Pseudomonas aeruginosa outer membrane vesicles. PLoS Pathog. 2009,
5, e1000382. [CrossRef] [PubMed]

72. Bumba, L.; Masin, J.; Fiser, R.; Sebo, P. Bordetella adenylate cyclase toxin mobilizes its β2 integrin receptor
into lipid rafts to accomplish translocation across target cell membrane in two steps. PLoS Pathog. 2010,
6, e1000901. [CrossRef] [PubMed]

73. Rasti, E.S.; Schappert, M.L.; Brown, A.C. Association of Vibrio cholerae 569B outer membrane vesicles with
host cells occurs in a GM1-independent manner. Cell. Microbiol. 2018, 20, e12828. [CrossRef] [PubMed]

http://dx.doi.org/10.1021/acs.biochem.6b00430
http://www.ncbi.nlm.nih.gov/pubmed/27504950
http://dx.doi.org/10.1021/acsinfecdis.7b00230
http://www.ncbi.nlm.nih.gov/pubmed/29742342
http://www.ncbi.nlm.nih.gov/pubmed/7983074
http://www.ncbi.nlm.nih.gov/pubmed/1937819
http://dx.doi.org/10.1128/IAI.74.4.2015-2021.2006
http://www.ncbi.nlm.nih.gov/pubmed/16552030
http://dx.doi.org/10.1046/j.1462-5822.2003.00259.x
http://www.ncbi.nlm.nih.gov/pubmed/12580947
http://dx.doi.org/10.1128/IAI.00314-07
http://www.ncbi.nlm.nih.gov/pubmed/17635865
http://www.ncbi.nlm.nih.gov/pubmed/1971601
http://dx.doi.org/10.1016/j.gene.2009.05.002
http://www.ncbi.nlm.nih.gov/pubmed/19450669
http://www.ncbi.nlm.nih.gov/pubmed/5012767
http://www.ncbi.nlm.nih.gov/pubmed/8977199
http://dx.doi.org/10.1016/0882-4010(91)90004-T
http://www.ncbi.nlm.nih.gov/pubmed/6319288
http://dx.doi.org/10.1371/journal.ppat.1003797
http://www.ncbi.nlm.nih.gov/pubmed/24348251
http://dx.doi.org/10.1128/IAI.00009-09
http://www.ncbi.nlm.nih.gov/pubmed/19651865
http://dx.doi.org/10.1038/sj.emboj.7600471
http://www.ncbi.nlm.nih.gov/pubmed/15549136
http://dx.doi.org/10.1371/journal.ppat.1000382
http://www.ncbi.nlm.nih.gov/pubmed/19360133
http://dx.doi.org/10.1371/journal.ppat.1000901
http://www.ncbi.nlm.nih.gov/pubmed/20485565
http://dx.doi.org/10.1111/cmi.12828
http://www.ncbi.nlm.nih.gov/pubmed/29377560


Toxins 2018, 10, 414 18 of 18

74. Boesze-Battaglia, K.; Brown, A.; Walker, L.; Besack, D.; Zekavat, A.; Wrenn, S.; Krummenacher, C.;
Shenker, B.J. Cytolethal distending toxin-induced cell cycle arrest of lymphocytes is dependent upon
recognition and binding to cholesterol. J. Biol. Chem. 2009, 284, 10650–10658. [CrossRef] [PubMed]

75. Elwell, C.; Chao, K.; Patel, K.; Dreyfus, L. Escherichia coli CdtB mediates cytolethal distending toxin cell cycle
arrest. Infect. Immun. 2001, 69, 3418–3422. [CrossRef] [PubMed]

76. Lara-Tejero, M.; Galán, J.E. CdtA, CdtB, and CdtC form a tripartite complex that is required for cytolethal
distending toxin activity. Infect. Immun. 2001, 69, 4358–4365. [CrossRef] [PubMed]
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