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Abstract

Kingella kingae is an emerging pathogen causing osteoarticular infections in pediatric patients.
Electron microscopy of K. kingae clinical isolates revealed the heterogeneously-sized
membranous structures blebbing from the outer membrane that were classified as outer membrane
vesicles (OMVs). OMVs purified from the secreted fraction of a septic arthritis K. kingae isolate
were characterized. Among several major proteins, K. kingae OMVs contained virulence factors
RtxA toxin and PilC2 pilus adhesin. RtxA was also found secreted as a soluble protein in the
extracellular environment indicating that the bacterium may utilize different mechanisms for the
toxin delivery. OMVs were shown to be hemolytic and possess some leukotoxic activity while
high leukotoxicity was detected in the non-hemolytic OMV-free component of the secreted
fraction. OMVs were internalized by human osteoblasts and synovial cells. Upon interaction with
OMVs, the cells produced increased levels of human granulocyte-macrophage colony-stimulating
factor (GM-CSF) and interleuskin 6 (IL-6) suggesting that these cytokines might be involved in
the signaling response of infected joint and bone tissues during natural K. kingae infection. This
study is the first report of OMV production by K. kingae and demonstrates that OMVs are a
complex virulence factor of the organism causing cytolytic and inflammatory effects on host cells.

1. Introduction

The Gram negative bacterium Kingella kingae, a coccobacillus of the Neisseriaceae family,
is a component of the human oropharyngeal flora. The highest rate of carriage of K. kingae
coincides with the age less than 4 years old [1-3]. Being carried asymptomatically in the
respiratory tract, the bacterium may penetrate into the bloodstream and cause invasive
infections including septic arthritis, osteomyelitis, infective endocarditis and bacteremia [4,
5]. K. kingae belongs to the HACEK group (Haemophilus spp., Aggregatibacter
actinomycetemcomitans, Cardiobacterium hominis, Eikenella corrodens, and Kingella
kingae) of oral Gram negative bacteria that share an enhanced capacity to produce infective
endocarditis.

While K. kingae infections in adults are still considered to be rare, recent data suggest that
the frequency of those infections in children has been underestimated. Improvements in
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culture techniques and molecular detection methods have increased the recognition of K.
kingae as a leading cause of osteoarticular infections in pediatric patients [1, 2, 6-13].
Several reports describe epidemiological cases of invasive K. kingae infections in day care
centers showing that the bacterium is able to cause outbreaks of disease in children
communities [14-16].

The pathogenesis of K. kingae infection begins with colonization of the upper respiratory
tract. It is believed that damage of the respiratory and buccal mucosa allows haematogenous
spread of the bacterium to distant organs of the body, especially to the skeletal system [5].
The investigation of K. kingae virulence has been significantly restricted by the lack of
genome information and fastidious nature of the organism. Only recently some progress in
understanding K. kingae virulence mechanisms has been made [17-20]. The important role
in the bacterium virulence has been attributed to the production of a toxin of the RTX-group,
RtxA [20]. The toxins of the RTX (repeat in toxin) family are large secreted proteins and
found in different Gram negative pathogens: E. coli a-hemolysin [21-23], Aggregatibacter
actinomycetemcomitans LtxA [24-26], Bordetella pertussis CyaA [27], Manhemia
haemolytica LktA [28], Moraxella bovis MbxA [29], Neisseria meningitides FrpA [30] and
others. Consequently, the gene encoding for RtxA was used as a specific molecular marker
to diagnose K. kingae infections [6].

Extracellular secretion of metabolic products is the major mechanism by which Gram
negative pathogens intoxicate host cells and cause infection. The transport of secreted
proteins to the extracellular space may involve high-order complexes with lipid membrane
structures, the outer membrane vesicles (OMVSs). Bacterial OMVs were shown to serve as
secretary delivery vehicles for virulence factors of many bacterial pathogens [31]. OMVs are
also studied because of their potential to be used as vaccines [32]. They are enriched with
antigenic outer membrane proteins, such as porins, that maintain their native structure being
inserted into OMV membrane. The first successful application of this approach was
development of a protein-based OMV-vaccine against serogroup B meningococcal disease
that is currently in use [33]. In the present study we demonstrated that K. kingae produces
toxic OMVs that may play an important role in the organism’s pathogenesis.

2. 1. Purification and characterization of OMVs production in clinical isolates

Nine K. kingae clinical isolates from our collection were grown on CA with 5% sheep blood
for 40 h and subjected to TEM. Electron micrographs of the strains revealed spherical
membranous structures ranging from 50 to 200 nm in diameter around the rod-shared
bacteria (Fig. 1A). These structures were blebbing from the outer membrane (OM) of the
live bacterial cells and were classified as OMVs.

To further study K. kingae OMVs, we designed a procedure for OMVs purification. The
bacterium did not express good growth in liquid medium; therefore we isolated its secreted
fraction after growing the colonies on solid medium. To do this, the bacteria were cultivated
on AAGM agar for 40 h, and the biomass was scraped from plates and subjected to
ultracentrifugation, resulting in separation of a compact cell pellet and a supernatant
containing concentrated secreted products. The bacterial cells did not lyse during this step as
was confirmed by CFU (colony forming unit) count before and after the centrifugation. The
liquid fraction was collected and passed through 0.45 um filter to remove the bacterial cells.
The fraction was further subjected to prolonged high speed centrifugation that resulted in the
separation of soluble fraction and a pellet. The TEM analysis demonstrated that the obtained
pellet, resuspended in OMV-buffer, consisted of concentrated OMVs (Fig. 1B). The
schematic diagram of OMVs purification is presented in supplementary data (Fig 1S).
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Additional purification of OMVs using gel-filtration chromatography resulted in formation
of one sharp pick of high molecular weight proteins (data not shown). The carefully
separated supernatant was free of OMVs (Fig. 1C) and is referred in the paper as the OMV-
free secreted fraction. The yield of purified OMVs from different clinical isolates was
compared (Table 1). Using the same growth conditions different K. kingae isolates produced
various amounts of OMVs calculated per gram of wet bacterial weight and could be roughly
divided into two groups: high- (=0.03 g) and low-producing (<0.01 g) OMVs strains. To
further study K. kingae OMVs, we selected highly OMV-producing septic arthritis isolate
PYKKO081. The isolated PYKK081 OMVs sample contained 8 mg/ml protein, 0.5 mg/ml
DNA and < 1500 U/ml endotoxin.

2. 2. Analysis of K. kingae OMV protein content

To characterize the protein composition PYKK081 OMV proteins were resolved and
visualized by SDS-PAGE. OMV preparation demonstrated several major protein bands that
were identified as PilC2 (164 kDa), hypothetical protein Pden_3310 (120 kDa), RtxA (101
kDa), and putative porin (36 kDa) by MALDI-TOF MS. The protein profile of OMVs was
compared with protein profiles of PYKKO081 OM and inner membrane (IM), prepared by the
method of Sarcosyl extraction (Fig. 2). OMVs, IM and OM demonstrated variations in the
protein profiles. Three polypeptides (PilC2, Pden_3310 and putative porin) identified in
OMVs samples were also present in OM fractions as was confirmed by MALDI-TOF MS
analysis. PilC2, known to be an outer membrane protein [34], was identified only in OM and
OMVs but not in IM suggesting that our protocol successfully separated the cellular
compartments (Fig. 2A). Thus, PYKK081 OMVs appear to contain a subset of OM proteins
preparations; however the inclusion of proteins into OMVs is selective.

2. 3. Toxicity of K. kingae secreted fraction components on eukaryotic cells

To explore the potential toxicity, we tested the effect of PYKKO081 secreted fraction
components on different human and mouse cells. Using dye exclusion method, we found
that 10 ul (8 ug of protein) of PYKK081 OMV-free secreted fraction caused 20-85% lysis
of leukocytes (promyeloblasts, monocytes, T and B lymphoblasts) and about 20% lysis of
megakaryoblasts after 24 h; however the maximum toxic effect was reached as early as 3
hours of treatment. (Table 2). The toxicity was not species specific, both human and mouse
leukocytes were found to be sensitive. The fraction had insignificant toxic effect on human
erythrocytes. The toxicity of OMVs on white blood cells was less pronounced than OMV-
free fraction; however OMVs demonstrated some hemolytic activity. About 30% of human
or sheep erythrocytes were lysed after 16 h. A cytolytic effect of either OMVs or OMV-free
fraction on human epithelial liver, lung cells and osteoblasts was not detected using both
dye-exclusion method and ATP-based viability assay performed after after 24 h.

2. 4. Distribution of RtxA in K. kingae cellular compartments

We detected RtxA as one of the predominant proteins in PYKKO081 OMVs. To determine
the location of RtxA in the secreted and membrane fractions, we performed Western blot
analysis with 9D4 antibody which recognizes the distal portion of the RTX-catalytic domain
and that is conserved in many toxins of this group [21]. The immunoreactive bands were
detected in equal proportions in both vesicle and OMV-free secreted fraction but not in OM
and IM samples (Fig. 2B). Depending on preparation immunoblot resulted in the detection
of 100 kDa band (predicted size of RtxA) only or two bands 100 kDa and 60 kDa (Fig. 2B).
The 100 kDa protein band was identified as K. kingae RtxA toxin by MALDI-TOF MS. We
have failed to identify the smaller band; however we hypothesize it is likely to be a product
of RtxA degradation. In support of this claim, we did not find any band detected by 9D4 in
cell lysate preparation of K. oralis UB-38, a close relative of K. kingae, that does not have
the rtx-operon [20] (Fig. 2B). Using Western blot analysis we investigated OMVs and
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OMVs-free fractions samples prepared from other K. kingae isolates in the study and found
RtxA in both OMVs-associated and as a free form (data not shown). The presence of RtxA
in the OMVs samples from different isolates suggests that toxin association with OMVs is
highly prevalent phenomenon in K. kingae.

2.5. OMVs are internalized by osteoblasts and synovial cells

In the human body K. kingae primarily infects joint and bone tissues [5]. Therefore we
wished to investigate if OMVs could interact with and cause cytotoxic effects on synovial
cells (SW 982) and osteoblasts (hFOB 1.19). Polyclonal anti-OMV antibody was used as an
immunological probe to detect OMVs association with host cells. To identify the location of
the OMVs, SW 982 and hFOB 1.19 cells were exposed to the purified PYKK081 OMVs
overnight. The cells were subsequently reacted with polyclonal anti-OMV antibody and
Alexa 488 labeled anti-rabbit 1gG and then examined by confocal scanning microscopy. A
large number of stainable interacting OMVs was detected in cells exposed to OMVs and
permeabilized before the addition of antibodies (Fig. 3A, B). The requirement for
permeabilization of the cell membrane in order to stain the OMVs efficiently allowed us to
hypothesize their intracellular localization.

To further study internalization, PYKK081 OMVs were labeled with FITC and assessed by
flow cytometry using the impermeable cell dye Trypan blue, which was able to quench
FITC-fluorescence (Fig. 4, A). OMV-FITC samples were added to SW 982 or hFOB 1.19
cells and the fluorescence was measured at different time points. The data are shown for SW
982 (Fig. 4B-D, supplementary data Fig. 2S). To quantitatively estimate the amount of
internalized fluorescence, Trypan blue was added to OMV-FITC treated cells that led to the
quenching of extracellular fluorescence while intracellular fluorescence in the intact cells
was not affected. When cells were permeabilized with 0.1% Triton X-100 and Trypan blue
was added, no florescence was detected suggesting that internal fluorescence was quenched
with Trypan blue, which penetrated into cells. The flow cytometry results based on mean
fluorescence intensity (mfi) values demonstrated that some of OMV-FITC fluorescence was
associated with cells as early as 15 min and most of it was internalized with the cells (Fig.
4B, C). The maximum increase in total associated fluorescence was observed by two hours
of incubation with OMV-FITC and the majority of fluorescence at this time had intracellular
location (Fig. 4B, D). Our results indicate that OMVs are rapidly taken up by target cells.

2. 6. OMVs induce cytokine secretion in osteoblats and synovial cells

We tested a possible pro-inflammatory effect of OMVs on human synovial cells and
osteoblasts through cytokine production. We screened for the production of twenty major
inflammatory cytokines by these cells in response to OMVs exposure using an
immunoassay. Figure 5 displays results from cytokine production in hFOB 1.19 and SW 982
culture supernatants after 24 h treatment with OMVs. Comparison of control and
experimental samples from both cell lines revealed changes in production of human
granulocyte-macrophage colony-stimulating factor (GM-CSF) and interleukin-6 (IL-6). In
SW 982 cells the production of GM-CSF was induced and IL-6 production was significantly
unregulated following PYKKO081 OMVs exposure. In hFOB 1.19, expression of these
cytokines was constitutive but increased upon the treatment (Fig. 5). To demonstrate the
functional response of these cells to OMVs, cytokine secretion was quantified in SW 982
cell culture supernatants collected at different time points using enzyme-linked
immunosorbent assays (ELISAS) (Fig. 6). In the experimental cell culture supernatants, GM-
CSF concentrations gradually increased over time and reached 5.56 £+ 0.26 ng/ml (6.10 fold
increase vs. control, P=0.003) while IL-6 concentrations reached 346.82 + 26.40 ng/ml,
(2.67-fold increase vs. control, P=0.002). Thus, our results demonstrated that OMVs could
induce a substantial inflammatory response in human joint tissues.

Microb Pathog. Author manuscript; available in PMC 2012 July 1.
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3. Discussion

In this study we demonstrated that K. kingae clinical isolates produce abundant OMVs
pinching off the OM during growth. The shape of the heterogeneously sized OMVs
resembled those released by other members of Neisseriaceae family [35, 36]. We purified
OMVs from eight K. kingae isolates of different origin. The amount of OMVs produced in
strains varied and they could be divided into two groups: high- and low- OMVs producing.
All joint isolates tested were found to be high- OMV producing strains suggesting that this
property might be an advantage in causing septic arthritis. In this study we characterized
OMVs from a septic arthritic isolate PYKKO081 and investigated their effects on human
cells.

It has been shown that native OMVs contain OM and periplasmic proteins [31]. The general
protein profiles of PYKK081 OMVs and OM were similar however they had some
variations. Although the lack of whole-genome annotation hampered determination of some
proteins, we have identified four of the most abundant polypeptides of OMVs. Hypothetical
protein Pden_3310, PilC2, and putative porin were shown to also be present in OM of the
organism. OM preparations contained some polypeptides that were not detected in OMVs.
Thus, the inclusion of proteins into OMVs is selective and may indicate that production of
toxic OMVs is intentional and represents a distinct mechanism of K. kingae pathogenesis.

OMVs were found to contain potential protein virulence factors, high endotoxin and DNA
concentrations and may contribute to K. kingae pathogenesis by several mechanisms. First,
toxic activities of OMVs could be a function of RtxA toxin. Vesicle-mediated toxin delivery
is an important virulence mechanism described for several gram negative pathogens [37—
43]. Many toxins have been found in both the free soluble form and associated with OMVs
[40, 44]. In a previous study, the K. kingae toxic effect on eukaryotic cells was attributed to
the production of RtxA [20]. In our experimental conditions we detected leukotoxic and
hemolytic activities in the PYKK801 secreted fraction. The toxicity of OMVs on white
blood cells was less pronounced than that from the OMV-free fraction, but hemolysis was
predominantly associated with the vesicles. Some toxins of the RTX-group have been shown
to possess both leukotoxic and hemolytic activities [45-47]. Thus, although we do not
exclude the existence of a different hemolysin, it is possible that RtxA possess leukotoxic
and hemolytic activities and its cell specificity may be dependent on its location as either a
free protein or associated with OMVs. We could not detect lysis of human epithelial liver
cells, lung epithelial cells or osteoblasts using OMVs or OMV-free fractions.

Some RTX-toxins have been shown to be both secreted and associated with the bacterial
OM [48, 49]. It has been recently demonstrated that another RTX-toxin, EHEC-Hly,
secreted extracellularly, has a strong tendency to associate with OMVs after the toxin is
secreted [44]. Interestingly, RtxA was not present in OM preparations however it was found
to be one of the predominant proteins of OMVs. We presume that RtxA could be also
associated with the bacterial OM but might dissociate from it during the OM fraction
preparation procedure that includes treatment with detergent (1% Sarkosyl). Indeed, in some
our experiments, the treatment of OMVs with denaturing agents, such as 0.8 M Urea, caused
toxin degradation and partial dissociation from OMVs (unpublished data).

For pathogenic bacteria, adhesins are particularly important in colonization of host tissues.
PYKKO081 OMVs were shown to contain PilC2, an adhesin with similarity to PilC2 found in
the pathogenic Neisseria species [50, 51]. Previous work demonstrated that type 1V pili and
the two PilC2 homologs play important roles in mediating K. kingae adherence [17].
Therefore, we hypothesize that K. kingae OMVs may also be involved in biofilm
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development. Interestingly, the role of OMVs in causing cellular aggregation and the
development of dental plague biofilms was shown for Porphyromonas gingivalis [52, 53].

In the human body, K. kingae causes predominantly osteoarticular infections, such as septic
arthritis and osteomyelitis [5], which primarily affect bone and joint tissues. Therefore we
focused on investigating the possible toxic effect of OMVs on human osteoblasts and
synovial cells. To study the ability of PYKK081 OMVs to internalize within host cells, we
tested the interaction between OMVs and human cells using confocal microscopy and flow
cytometry. Although the molecular mechanism of K. kingae OMVs uptake by human cells
remains to be identified, our results indicate that OMVs are able to be rapidly internalized
with human target cells. This is consistent with the reported properties of OMVs from other
bacteria [54].

We did not show a direct cytolytic effect of K. kingae OMVs on human osteoblasts and
synovial cells. Therefore, we questioned whether interaction of OMVs could induce an
inflammatory response in these tissues. Cultured human osteoblasts and synovial cells were
exposed to OMVs and subjected to an immunoassay to detect secreted cytokines. We
observed changes in GM-CSF and IL-6 production by these cells following interaction with
K. kingae OMVs. IL-6, a cytokine with pro-inflammatory characteristics, is known to be an
early marker of bacterial infection [55-57]. In some tissues the cytokine secreted in response
to lipopolysaccharide produced by gram-negative bacteria [58, 59].

To our knowledge this is the first study to identify GM-CSF expression in synoval cells in
response to bacterial cell components. Interestingly, synovial fluids from septic, rheumatoid
and osteoarthritis patients contained significant colony-stimulating factors (CSF) activities
[60]. GM-CSF was also shown to be elaborated by synovial fibroblasts in rheumatoid
arthritis [61]. GM-CSF found in rheumatoid arthritis synovial fluid was shown to sustain
viability of neutrophils and activates their functions such as release of reactive oxygen
species [62, 63], cytokines [64] and proteases[65] that lead to the inflammation and
destruction of the joints. Together, these studies may suggest that similar mechanisms of
joint destruction occur in rheumatoid and septic arthritis via the production of GM-CSF.

In addition to functioning as a white blood cell growth factor, GM-CSF was shown to
facilitate the early differentiation of myeloid precursors into osteoclast precursors and
contribute to the regulation of osteoclastogenesis [66-68]. Thus, K. kingae OMVs can be
involved in stimulation of osteoclastogenesis and bone resorption. Significantly, it has been
previously reported that Staphylococcus aureus and Salmonella spp. are common causes of
bone disease and induced CSF in human osteoblasts [69].

This study is the first report of OMVs production by K. kingae. Having demonstrated the
toxic and pro-inflammatory activity of K. kingae OMVs, we hypothesize that they are an
important bacterium virulence factor to overcome the barrier of the host immune system
defense, can be involved in iron uptake, biofilm formation, horizontal DNA transfer and the
development of deep joint and bone infection that are not easily accessible by the bacterium
itself.

4. Materials and Methods

4. 1. Bacterial strains and growth conditions

Kingella strains used in the study are listed in Table 1. The bacteria were grown on
Colombia agar (CA) (Acumedia Manufactures, Inc., Lansing, MI) with 5% sheep blood
(Hemostat laboratories, Dixon, CA) or AAGM agar [70] at 37°C with 10% CO». The
isolates was stored at —80°C in AAGM containing 10% DMSO or lyophilized.

Microb Pathog. Author manuscript; available in PMC 2012 July 1.
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4. 2. Purification of K. kingae secreted fraction and OMVs

K. kingae was grown on AAGM plates for 40 hours, the biomass was scraped from plates,
weighed and centrifuged at 150,000 x g for 15 minutes at 4°C. The supernatant was filtered
through 0.45 um and 20% glycerol was added to stabilize the toxic activity in the secreted
fraction. The OMVs were further purified by centrifugation of the secreted fraction at
150,000 x g for 120 min at 4°C. The resulted supernatant was carefully removed and the
vesicle pellet was weighed, washed and resuspended in 50 mM HEPES pH 7.4 with 20%
glycerol and 2 mM CaCl, (OMV-buffer) to final protein concentration 8 mg/ml. OMVs
preparations were stored at —80°C. The sterility of the vesicle preparations was verified by
streaking on CA with 5% sheep blood.

4. 3. Negative staining electron microscopy

Transmission electron microscopy (TEM) was performed in UMDNJ Core Imaging lab
(Piscataway, NJ). Single K. kingae colonies grown on blood plates were resuspended in 50
mM phosphate buffer saline (PBS) pH 7.4. Purified OMVs samples were diluted twice in 50
mM HEPES pH 7.4. Twenty pl drop of sample was placed on fomavar/carbon coated copper
grid and wicked off by a filter paper. The grid was stained with 1% uranyl acetate and
viewed with a Philips CM 12 at 80 kV. The images were collected with an AMT XR611
digital camera and analyzed using Engine V600 software.

4. 4. Generation of anti-K. kingae OMV antibody

The OMV material containing 3 mg of protein has been used for stimulation of an antibody
response in New Zealand white rabbits (Pacific Immunology Inc., Ramona, CA) The total
procedure lasted 13 weeks and included four rabbit injections. The immunoreactivity of
antiserum was detected by enzyme-linked immunosorbent assay (ELISA), the antibody titer
was estimated as 1:500,000. The antibody were purified from the final rabbit bleed using
AminoLink plus kit (Pierce, Rockford, IL) as described previously [71].

4. 5. Toxicity assay

Human and mouse cell lines (Table 2) were obtained from ATCC. A20 mouse lymphoma
cell line [72] was kindly provided by Dr. Tsiagbe. The cells were grown according to the
supplier’s recommendations in a culture incubator at 37°C with 5% CO», with the exception
of SW 982 that was grown at 37°C without extra CO, supplied. For toxicity test, 1 x 107
bacterial cells, 10 pl (8 ug of protein) PYKKO081 OMVs or OMV-free secreted fraction
sample was added to 1 x 106 cells and incubated in the serum-free growth medium for 3 or
24 hours. The cell membrane permeability was determined with Trypan blue assay using Vi-
cell machine (Beckman Coulter, Hialeah, FL). ATP production was detected using the Cell
Titer-Glo luminescent cell viability assay (Promega, Madison, WI) according to the
manufacturer’s instructions. Plates were read in a Synergy HT plate reader in the
luminescence mode (Bio-Tek, Winooski, VT). To estimate hemolysis, human blood from a
healthy volunteer was collected in a tube containing heparin sulfate. Prior to the assay, both
sheep blood and human blood were centrifuged to collect erythrocytes. The erythrocytes
were centrifuged at 1000 x g for 5 min and washed in PBS (pH 7.4) until the supernatant
was clear. Reactions were performed in 0.5 ml reaction mixtures containing 2% erythrocytes
and 5 x 107 of bacterial cells, 50 ul (40 ug of protein) PYKK081 OMVs or OMV-free
fractions for 16 h at 37°C. To evaluate hemoglobin release, erythrocytes were removed by
centrifugation and the absorbance of the supernatant at 450 nm was measured with a
Synergy HT plate reader (BioTek Instruments, Winooski, VT). One hundred percent cell
lysis was determined by resuspending erythrocytes in distilled water. Cytotoxicity assays
were performed at least three different times.

Microb Pathog. Author manuscript; available in PMC 2012 July 1.
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4. 6. Western blot analysis

Purified proteins (0.5 ug) were resolved by SDS-PAGE and transferred to a nitrocellulose
membrane. The membranes were subjected to Western blot analysis with 9D4 antibody
(1:1000 dilution) (Santa Cruse, Campbell, CA) or anti-OMV antibody as previously
described [71].

4. 7. MALDI-TOF MS

Individual protein bands were excised, digested with trypsin, and peptides were extracted for
MALDI-TOF MS analysis using ABI 4700 Proteomics Analyzer (Applied Biosystems,
Foster City, CA). A search for the peptide mass fingerprint was carried out with the nrNCBI
non-redundant database. All procedures were carried out by Applied Biomics (Hayward,
CA).

4. 8. Gel-filtration

The OMV sample was loaded onto a column packed with 40 ml of Sephacryl 300 HR
(Sigma, St. Louis, MO). The proteins were eluted in 1 ml fractions with 20 mM Tris pH 7.4,
150 mM NaCl and 2 mM CaCl, buffer. Sweet potato f-amylase (206 kDa) (Sigma, St.
Louis, MO), Aggregatibacter actinomycetemcomitans LtxA (112 kDa) [48], and bovine
serum albumin (66 kDa) (Sigma, St. Louis, MO) were used for the column calibration. The
protein in the fractions was detected by Bradford reagent (Sigma, St. Louis, MO) or by
Western blot analysis using anti-OMV antibody.

4. 9. Fractionation of bacteria

The IM and OM fractions were isolated using Sarkosy! extraction method as previously
described [71, 73].

4. 10. Protein assay

Proteins were resolved on a 4-20% SDS-PAGE and visualized by staining with GelCode
Blue Stain Reagent (Pierce, Rockford, IL). The protein concentration was measured with a
Bicinchoninic Acid Assay Kit (Pierce, Rockford, IL).

4.11. DNA analysis

DNA associated with OMVs was quantified spectrophotometrically using NanoDrop. Prior
the analysis OMVs were lysed by 0.5% (v/v) Sarkosyl and 100 mM EDTA. DNA in OMV
samples was also visualized by agarose gel electrophoresis.

4.12. Endotoxin assay

Endotoxin concentration was measured using E-toxite kit (Sigma, St. Louis, MO). The
concentration was determined by extrapolation from standard curve prepared with E.coli
0.55:B5 lipopolysaccharade (LPS) (Sigma, St. Louis, MO).

4.13. Confocal microscopy

Human cells were grown in 60 p-Dishes (Ibidi, Munich, Germany) and were exposed to 8 ul
(6 ng of protein) PYKKO081 OMVs for 18 h. All subsequent cell treatment procedures were
performed at room temperature, each treatment step followed by wash with PBS pH 7.4.
Cells were fixed with freshly prepared 4% paraformaldehyde in PBS for 20 min,
permeabilized using 0.1% Triton X-100 for 20 minutes (if required), and blocked for 30 min
in PBS pH 7.4 containing 2% bovine serum albumin. OMVs were identified using rabbit
polyclonal anti-OMV antibodies for 1 h (1:100 dilution). Primary antibody binding was
detected with Alexa 488 goat anti-rabbit 19G (Invitrogen, Carlshad, CA) (1:200 dilution).

Microb Pathog. Author manuscript; available in PMC 2012 July 1.
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Nuclei were stained with 7-aminoactinomycin D (7-AAD) (Invitrogen, Carlsbad, CA) for 30
min. Cells imaging was performed using a scanning confocal microscope (Zeiss LSM 510,
Carl Zeiss Inc., Thornwood, NY).

4. 14. Flow cytometry analysis

OMVs were stained with fluorescein isothiocyanate (FITC) using FITC Antibody labeling
kit (Pierce, Rockford, IL) as recommended by the manufacturer. Human cells (0.2 x 10°
cells/run) were incubated with 10 ul (8 ug of protein) PYKK081 OMV-FITC for 15 min, 2 h
and 24 h. The fluorescence measurements were made with a FACS Calibur instrument (BD
Biosciences, Franklin Lakes, NJ) and the data were analyzed using Flow Jo software
(Ashland, OR). To perform this experiment we adopted the method described previously
[54]. 0.025% Trypan blue (Sigma, St. Louis, MO) was used where was used for quenching
OMV-FITC fluorescence. Mean fluorescence intensity values (mfi) of cells incubated in the
absence of OMV-FITC were subtracted from the values of OMV-FITC pretreated with
Trypan blue for 20 min. To quench the intracellular fluorescence cells were permeabilized
using 0.1% Triton X-100 (Sigma, St. Louis, MO). To confirm Trypan blue quenched FITC
fluorescence, the fluorescence was measured before and after the addition of Trypan blue to
OMV-FITC using Synergy HT plate reader in the fluorescence mode (Bio-Tek, Winooski,
VT).

4. 15. Cytokine production assay

Human osteoblasts and synovial cells were grown in 6-well plate until confluency, placed in
1 ml of serum-free growth medium and exposed to 10 ul (8 ug of protein) PYKKO081
OMVs. The media samples were collected at different time-points (0-68 h) and used to
detect inflammatory cytokine production. Cells treated with OMV-buffer served as a
control, each condition was repeated twice. Cytokine production analysis and quantitative
measurements were performed using a RayBio Human Cytokine Antibody Array kit and
RayBio Human GM-CSF and IL-6 ELISA Kits (RayBiotech, Inc., Norcross, GA) according
to the manufacturer’s instructions. Cytokine concentrations in culture supernatants were
determined by extrapolation from standard curves.

4. 16. Statistical analysis

For statistical analysis, the data were subjected to Student’s t-test, P value of <0.05 was
considered to be significant.
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Fig. 1. TEM micrographs of PYKKO081 and its secreted fraction components after negative
staining

A. Secretion of OMVs by the bacterium grown on CA with 5% sheep blood agar for 40 h.
The arrow shows OMVs pinching from the OM Direct magnification is 22,000. Bar=100
nm.

B. OMVs isolated from the secreted fraction. Direct magnification is 35,000. Bar=100 nm.
C. OMV-free secreted fraction. Direct magnification is 35,000. Bar=100 nm.
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Fig. 2. Protein analysis of PYKKO081 and K. oralis UB-38

A. One pg of proteins from PYKKO081 IM, OM, and OMVs samples was resolved by SDS-
PAGE. The proteins were stained with Coomassie blue. The major proteins were identified
by MALDI-TOF MS.

B. One pg of proteins from PYKKO081 IM, OM, OMVs or PYKKO081 and UB-38 cell lysate
samples was resolved by SDS-PAGE and subjected to Western blot analysis with 9D4
antibody.
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Fig. 3. Confocal images of PYKKO081 OMVs interaction with human cells

hFOB 1.19 (A) and SW 982 (B) cells were incubated with OMVs overnight followed by
treatment with anti-OMVs antibody and were visualized upon interaction with Alexa 488
conjugated anti-rabbit 1gG. Nonspecific fluorescence was not observed in the absence of
primary antibody. Cell nuclei were labeled with 7-AAD.
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A. Effect of 0.025% Trypan blue and 0.1% Triton X-100 on OMV-FITC fluorescence was
estimated after 20 min treatment. The data shown are means and standard deviations of two

independent experiments.

B-D. The proportion of OMV-FITC internalized with SW 982 was monitored over time.
Controls cells were treated with OMV-buffer (B). In experimental samples the cells were
incubated with OMV-FITC for 15 min (C) and 2 h (D). Fluorescence was measured before
(total associated, red line), after (intracellular, blue line) the treatment with Trypan blue to
quench extracellular fluorescence, and after (light green line) cell permeabilization with

0.1% Triton X-100. Result shown is a representative of two independent experiments.
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Fig. 5. Qualitative analysis of cytokines in SW 982 and hFOB 1.19 cell culture supernatants
Inflammatory cytokines analysis was performed using RayBio Human Inflammatory
Cytokine Antibody Array.
A. The array map represents the location of each antibody on the membrane.

B-C. Increased protein expression levels of GM-CSF and IL-6 (marked by arrows) were
detected in the culture supernatants of 24 h PYKK081 OMVs treated SW 982 (B) and hFOB
1.19 (C) in comparison with OMV-buffer (control)-treated samples. The variations in
intensity of signals between SW 982 and hFOB 1.19 do not reflect the actual concentration
of cytokines in the supernatants. The result is representative of two independent

experiments.
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Fig. 6. Quantitative analysis of cytokine protein levels in SW 982 cell culture supernatants

The SW 982 cell culture supernatants of PYKK081 OMVs treated cells were collected at
different time-points and used to detect GM-CSF and IL-6 production. Cells treated with
OMV-buffer served as a control. Cytokine concentrations in culture supernatants were
determined by extrapolation from standard curves. The data shown are means and standard
deviations of two independent experiments.
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Table 1
Kingella isolates used in the study.

Strain Supplier, country of origin ~ Source OMVs (mg)/gram of biomass +sEL
K. oralis UB-38 ATCC, USA Oral cavity ND2

K. kingae 23330 ATCC, Norway Nasal cavity 0.01+0.003
K. kingae PYP8 SUMC3, Israel Oral cavity 0.01+0.001
K. kingae M200300017  \pH4, USA Oral cavity 0.03+0.007
K. kingae PYKK081 SUMC, Israel Joint 0.10+0.006
K. kingae PYKK135 SUMC, lIsrael Joint 0.06+0.002
K. kingae PYKK189 SUMC, Israel Joint 0.06+0.008
K. kingae C2003003154 MDH, USA Joint 0.05+0.007
K. kingae PYKK190 SUMC, lIsrael Heart 0.01+0.002
K. kingae PYKK101 SUMC, Israel Bone 0.01+0.002

1 Lo . .
Standard error, SE was calculated based on results obtained in three independent experiments.

2Not determined

3Soroka University Medical Center

4 .
Minnesota Department of Health
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Table 2
Effect of PYKKO081 on eukaryotic cells.
Designation  Description Toxicity, %
Whole cell OMV-free OMVs

HL-60 Human promyeloblast +1 + _3
K562 Human lymphoblast ND4 + -
CMK Human megakaryoblast ND + -
MOLT-4 Human T lymphoblast ND 442 +
THP-1 Human monocyte ++ ++ +
Erythrocyte ~ Human erythrocyte ++ - ++
hFOB 1.19 Human osteoblast + - -
A549 Human lung epithelial cell ND - -
SW 982 Human synovial fibroblast + - -
Hep G2 Human liver epithelial cell ND - -
TIB-192 Mouse myeloblast ND + -
A20 Mouse B lymphocyte ND ++ +

1-20—30% cells were lysed

230—85% cells were lysed

3% of lysed cells

<4

4—Not determined
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For toxicity test, 1 x 107 PYKK081 cells, 10 ul PYKKO081 OMV-free fraction or OMVs (8 g of protein) sample were added to 1 x 10 cells and
incubated with for 3 h. The cell viability was determined with Trypan blue assay. Hemolytic activity was identified by hemoglobin release after 16

h of incubation. The average result is calculated from three independent measurements, SE < 1.5%.
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