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Borrelia burgdorferi produces extracellular vesicles which contain some of the outer surface proteins of the
bacterium (e.g., OspA and OspB). Borrelial vesicles, isolated by differential centrifugation and filtration, were
tested for the ability to bind to cultured human umbilical vein endothelial (HUVE) cells in culture. The recently
described lipoprotein OspD was expressed on vesicles. Vesicles exhibited differential expression of OspB and
OspD in a relationship with passage number and medium serum supplement type, respectively. Qualitative
immunoblotting analyses demonstrated dose-dependent, passage number-dependent adsorption of vesicles by
HUVE cells. This adsorption was demonstrated to be dependent upon a borrelial component of the vesicle and
not due to the presence of minor contamination with intact spirochetes. Quantitative experiments examining
inhibition of B. burgdorferi-HUVE association as a function of prior vesicle-HUVE association demonstrated
dependence upon (i) a borrelial component(s) in the vesicle, (ii) low passage number, and (iii) vesicle protein
concentration. However, vesicle pretreatment of the HUVE cell monolayer was not requisite for this inhibition.
Vesicles from highly passaged borrelias were noninhibitory for B. burgdorferi-HUVE cell association,
regardless of the serum used to supplement the medium. The use of vesicles as a tool for studying B. burgdorjeri
pathogenesis and/or physiology is proposed.

Lyme borreliosis is an arthropod-borne disease of consid-
erable importance in several areas of the world. The spiro-
chetal agent of the disease, Borrelia burgdorferi, is carried
by tick vectors, usually of the Lxodes ricinus complex (32),
and is injected into a vertebrate host's vascular system
during or after a blood meal. The symptoms of Lyme
borreliosis are observed primarily in regions other than the
vascular system (e.g., cutaneous erythema migrans lesions,
arthritic syndromes, and cardiac and/or neurologic manifes-
tations; 2, 10, 30).
The suggestion that the spirochetes must leave the circu-

latory system at some point prior to symptomatic disease has
prompted several laboratories to study the interactions of B.
burgdorferi with cultured endothelium in vitro. B. burgdor-
feri association with and penetration of human umbilical vein
endothelial (HUVE) cells in monolayers has been described
(7, 21, 33, 34). Fab fragments of monoclonal and polyclonal
antibodies to outer surface protein A (OspA; 6) and intact
monoclonal antibodies to OspB (34) have demonstrated
inhibitory effects on the adherence of borrelias to HUVE
cells. Also, borrelial pretreatment with intact monoclonal
antibodies to OspA and flagellin resulted in the inhibition of
borrelial adherence to HEp-2 cells in vitro (5). Borrelial
adherence has been demonstrated to be dependent upon the
passage number of the tested strain (33, 34), as low-passage
strains were found to bind at up to 30-fold greater levels than
high-passage strains (33). This is reflective of the finding of
Schwan et al. that highly passaged strains showed markedly
reduced virulence in animal model systems (29).

B. burgdorferi produces or liberates extracellular vesicles
(also known as blebs) by some undescribed mechanism.
Reports have described vesicle production in vitro (3, 12),
and immunologic evidence indicates their production in
infected hosts as well (9). These vesicles have been de-
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scribed as containing (i) a low-molecular-mass lipoprotein of
-6 to 10 kDa (by sodium dodecyl sulfate (SDS)-polyacryl-
amide gel electrophoresis [PAGE]; 16, 17), (ii) OspA and
OspB (9) and (iii) an 83-kDa antigenic complex of rabbit
immunoglobulin M (IgM) with OspA and OspB (molecular
mass determined by SDS-PAGE; 8), distinct from the -83-
kDa Lyme disease patient serum-reactive antigen described
by Lefebvre et al. (20). The previously described B-cell
mitogen (27) produced by B. burgdorferi has also been
reported to be enriched in vesicle preparations (37). Vesicles
have also been demonstrated to contain both linear and
circular plasmid DNAs in an intact and DNase I-resistant
state, as assessed by transmission electron microscopy
(12).
Because extracellular vesicles exhibit at least two of the

major surface proteins, OspA and OspB, and because there
is evidence suggestive of a role for these proteins in borrelia-
HUVE cell interactions, we examined the potential ability of
vesicles to interact with cultured HUVE cells. This study
demonstrated that B. burgdorferi extracellular vesicles as-
sociated with cultured HUVE cells and that vesicles com-

peted for the same HUVE cell receptor(s) as intact, viable
borrelias. We propose that because of this vesicle-HUVE
cell association reaction and the relatively simplistic protein
profile of the vesicles, B. burgdorferi extracellular vesicles
may serve as an important tool for describing or defining the
B. burgdorferi adhesin(s), as well as offer a mechanism for
the observed chronicity of the disease state in the apparent
absence of cultivable organisms.

(Portions of these data have been presented at the Vth
International Conference on Lyme Borreliosis, Arlington,
Va., 30 May to 2 June 1992; the 1st Bristol-Myers Squibb
Symposium on Infectious Disease Research, Monterey, Ca-
lif., 22 to 23 February 1993; and the 93rd General Meeting of
the American Society for Microbiology, Atlanta, Ga., 16 to
20 May 1993.)
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MATERIALS AND METHODS

Bacterial strains and media. B. burgdorferi HB19, a human
blood isolate (31), was propagated at 34°C in BSK II liquid
medium (1) supplemented with 6% unheated, filter sterilized
normal rabbit serum (NRS; GIBCO Laboratories, Grand
Island, N.Y.) or 6% unheated, filter-sterilized normal human
serum (NHS; prepared in our laboratory). By definition in
our laboratory, strains passaged fewer than 11 times from
the original isolate are considered to be low passage.
For some experiments, borrelias were radiolabeled by

overnight incubation in BSK II plus 10 ,uCi of [35S]methio-
nine (Express35 Label; New England Nuclear Corp., Bos-
ton, Mass.) per ml. Borrelias were pelleted at 13,000 x g for
30 min at 25°C and washed once in M199 medium (Sigma
Chemical Co., St. Louis, Mo.) containing 20% heat-inacti-
vated fetal calf serum (FCS; HyClone Laboratories, Logan,
Utah). Washed, labeled borrelias were assessed for viability,
quantitated by dark-field microscopy, and adjusted to 7.5 x
107/ml in the same medium.

Tissue culture. HUVE cells were isolated by the method of
Jaffe et al. (15) and propagated at 37°C in 5% CO2 in M199
(Sigma) containing 20% FCS, 100 p,g of heparin (Sigma) per
ml, 50 ng of endothelial cell growth supplement (Sigma) per
ml, 200 U of penicillin (Sigma) per ml, and 0.2 mg of
streptomycin (Sigma) per ml. Cells were removed from
flasks by treatment with trypsin and EDTA and seeded at 5
x 104 per well of a 96-well tissue culture plate (Corning Glass
Works, Corning, N.Y.) in 0.125 ml of M199 plus supple-
ments as detailed above. HUVE cell cultures used in assays
were passaged fewer than 15 times from primary isolation.

Preparation of borrelial extracts. Washed whole-cell ex-
tracts (WCE) were prepared by centrifugation of the spiro-
chetes from BSK II at 13,000 x g at 25°C for 30 min. Cell
pellets were washed three times in phosphate-buffered saline
(pH 7.35) plus 5 mM MgCl2 (PBSM). Protein concentrations
were determined by using a modified Bradford assay (Bio-
Rad Laboratories, Richmond, Calif.) with bovine serum
albumin (BSA) as the standard.

Vesicle preparation. B. burgdorferi extracellular vesicles
were prepared by the method of Garon et al. (12). Briefly,
300 to 500 ml of borrelial culture at ca. 108 spirochetes per ml
were centrifuged at 13,000 x g for 30 min at 25°C to remove
the bacteria from suspension. Culture supernatants were
clarified by filtration through 2.0-p,m-pore-size polycarbon-
ate membranes (Poretics Corp., Livermore, Calif.), and
extracellular material was removed by ultracentrifugation at
208,000 x g for 90 min at 27°C in a Beckman Ti55.2 rotor
(Beckman Instruments, Inc., Fullerton, Calif.). The vesicle
pellet was washed once with PBSM at 208,000 x g for 90 min
at 4°C. Washed vesicles were resuspended in PBSM and
stored at -20°C. Mock vesicles were prepared by incubating
300 ml of BSK II containing 6% NRS for 1 week at 34°C and
processing it in an identical fashion. Protein concentrations
were determined as described in the previous paragraph.

Antibodies. Monoclonal antibody supernatants 9B3D and
84C (anti-OspA and anti-OspB, respectively; 6) were pre-
pared in this laboratory. Monoclonal antibody supernatants
1C8 (anti-OspD; 20a, 26) and H9724 (anti-flagellin; 4) were
provided by Alan G. Barbour. Anti-B. burgdorfeni HB19
WCE polyclonal rabbit serum was prepared by previously
described protocols (18) in this laboratory.

Anti-rabbit IgM-horseradish peroxidase (HRP) (Cappel
Research Products, Durham, N.C.) and anti-human IgM-
HRP (HyClone) were purchased and used at 1:500 in PBSM.
Anti-rabbit IgG-HRP (Boehringer Mannheim Biochemicals,

Indianapolis, Ind.) and anti-mouse IgG-HRP (Boehringer
Mannheim and Cappel) were used at 1:1,000 in PBSM. A
human IgM (hIgM) myeloma protein preparation was pur-
chased (Pierce Chemical Co., Rockford, Ill.).
HUVE cell adsorption assays. Briefly, S x 104 HUVE cells

were seeded into wells of a 96-well tissue culture plate and
allowed to form a monolayer overnight at 37°C under 5%
CO2 with monolayer formation assessed visually by light
microscopy. After establishment of monolayers, the medium
was aspirated and replaced by 50 p.l of a suspension contain-
ing a vesicle preparation diluted in M199 plus 20% FCS or a
mock mixture containing PBSM in M199 plus 20% FCS.
These primary treatment incubations were conducted at
37°C under 5% CO2 for 2 to 4 h. To assess the potential role
of the IgM molecule in HUVE cell association, one set of
experiments utilized an hIgM myeloma protein preparation
as a primary treatment.

Following incubation, the monolayers were washed three
times with PBSM at room temperature (RT). Washed mono-
layers were solubilized with 50 pul of double-strength Laem-
mli sample buffer (0.125 M Tris HCl [pH 6.8], 2.5% SDS,
25% glycerol, 5 mM dithiothreitol, 0.006% bromophenol
blue) (19) and incubation at 37°C for 30 min. Lysates were
boiled for 5 min and analyzed by SDS-PAGE and Western
immunoblotting as described below.
For quantitative assessment of the amount of vesicle

adsorption to HUVE cells, an enzyme-linked immunosor-
bent assay (ELISA) was developed. Briefly, HUVE cell
monolayers were established in 96-well tissue culture plates
and treated in triplicate with vesicle suspensions diluted in
M199 plus 1% FCS as described above. Following 2 h of
incubation at 37°C under 5% CO2, monolayers were washed
three times at RT with M199 plus 1% FCS and then fixed
with 50 pl of 0.25% glutaraldehyde (Sigma) in PBSM for 30
min at 37°C. Fixed monolayers were washed three times
with PBSM-0.05% (vol/vol) Tween 20 (Sigma) at RT, and
then wells were blocked with 100 pl of 5% (wt/vol) BSA
(Fraction V; ICN Pharmaceuticals, Irvine, Calif.) for 30 min
at 37°C. Primary probing was done with an anti-HB19 WCE
rabbit serum (1:500 in PBSM-0.05% Tween 20; 50 p.l) for 1 h
at 37°C and followed by three washes with PBSM-0.05%
Tween 20 at RT and secondary probing with 50 p.l of an
anti-rabbit IgG HRP-conjugated antibody preparation for 1 h
at 37°C. Monolayers were washed three times with PBSM-
0.05% Tween 20 at RT and developed with 50 p.l of 0.04%
o-phenylenediamine (Sigma) in 0.1 M citrate-phosphate
buffer (pH 5.0) plus 1.2% H202 for 30 min at 37°C (36).
Development was terminated with 50 p.l of 1 N H2SO4. A490
was determined with a Biomek 1000 automated ELISA
system (Beckman) and samples that were neat or diluted
with citrate-phosphate buffer. Student's t test was used to
compare the mean sample values.
Borrelial-HUVE cell association inhibition assay. A quanti-

tative assay described by Thomas and Comstock (34) was
used to examine the extent of borrelial association with
HUVE cell monolayers. Briefly, monolayers were estab-
lished in tissue culture plates and exposed to a primary
treatment (e.g., vesicles or a mock medium control) as
described in the previous paragraph. After incubation for 1 h
at 37°C under 5% CO2, 3.75 x 10' (50 p.l; multiplicity of
infection, 75) radiolabeled borrelias were added to the wells
and the plate was reincubated for 4 h at 37°C under 5% CO2.
Following this incubation, monolayers were washed three
times with PBSM at RT. The monolayer and associated
materials were solubilized in 100 pl of 0.5% SDS for 30 min
at 37°C. Lysates were analyzed by liquid scintillation spec-
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trophotometry to determine the percentage of labeled borre-
lias that had remained associated with HUVE cells. All
treatments were assayed in triplicate, and Student's t test
was employed to compare the similarity or difference be-
tween the mean percentages of inhibition for different vesicle
treatments.
A similar set of experiments was utilized to assess the

importance of HUVE cell monolayer pretreatment with
vesicles. Monolayers were either pretreated for 1 h with 2
mg of vesicle protein per ml as described above or subjected
to simultaneous addition of labeled borrelias plus vesicles at
2 mg of protein per ml (final concentration). In both cases, 4
h of incubation followed the addition of labeled borrelias.
Samples were processed for quantitative analysis as de-
scribed above.
SDS-PAGE and Western immunoblotting. Discontinuous

SDS-10% polyacrylamide gels (19) were used to resolve
proteins in borrelial extracts and those recovered by HUVE
cell adsorption. Gels were run at 20 mA of constant current
and cooled by a circulating-water heat exchanger. Molecular
weight standards were used in accordance with the suppli-
ers' recommendations (Bio-Rad and Pharmacia Corp., Pis-
cataway, N.J.).

Resolved proteins were electrotransferred by the method
of Towbin et al. to nitrocellulose (BA83; Schleicher &
Schuell, Inc., Keene, N.H.) or to PolyScreen polyvinylidene
difluoride (New England Nuclear Corp.) membranes (35).
Transfer was conducted for 3 h at RT under 300 mA of
constant current. Posttransfer, membranes were washed in
PBSM and blocked with 5% low-fat dry milk in PBSM for 30
min at RT. Primary screening with mono- or polyclonal
antibodies was done overnight at RT and followed by three
15-min washes with PBSM at RT. Secondary screening was
performed with HRP-conjugated secondary antibodies di-
luted in PBSM and incubated for 1 to 2 h at RT and followed
by three final washes with PBSM at RT. Colorimetric
detection with imidazole, 4-chloro-1-naphthol, and H202 as
peroxidase substrates (Sigma) was performed at RT (6).
Development was terminated by extensively washing the
membrane with distilled water and air drying it at RT.

Electron microscopy. Negatively stained vesicle prepara-
tions were examined by transmission electron microscopy as
previously described (14). Briefly, vesicle suspensions (10
pl) were spotted onto carbon-treated, Formvar-coated grids
and allowed to adsorb for 1 to 2 min at RT. Residual fluid
was wicked away with filter paper. Grids were stained with
20 ,ul of 1% phosphotungstic acid (Electron Microscopy
Sources, Ft. Washington, Pa.) for 10 s at RT. Residual stain
was wicked away with filter paper, and the grids were air
dried for 30 min at RT. Stained grids were examined with a
JEOL JEM-1200EX transmission electron microscope.

RESULTS

Characterization of extracellular vesicle preparations. Fig-
ure 1A exhibits the Coomassie blue-stained protein profiles
of B. burgdorferi HB19 WCE and vesicles from low-passage
borrelias grown in BSK II supplemented with either NHS or
NRS and a mock vesicle preparation from uninoculated
medium supplemented with NRS. Some of the prominently
stained bands in the vesicle preparations (lanes 2, 4, and 5)
included the 83-kDa antigen (8, 9), the -66-kDa BSA band (a
medium component) and OspA and OspB in the two borre-
lial vesicle lanes (lanes 2 and 4), and an unidentified band of
-27 kDa (lane 4). Lanes containing WCE exhibited promi-
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FIG. 1. Analysis of B. burgdorfen HB19 washed WCE and
extracellular vesicle preparations by Coomassie blue staining (A)
and Western immunoblotting (B). Five micrograms ofWCE proteins
or 25 pg of vesicle proteins per lane was resolved on SDS-10%
polyacrylamide gels and electrotransferred to a nitrocellulose mem-
brane. Lanes (all samples were of B. burgdorfen HB19 (passage 10),
and the species of serum used to supplement the medium is given in
parentheses): 1, WCE (NRS); 2, vesicles (NRS); 3, WCE (NHS); 4,
vesicles (NHS); 5, mock vesicles (NRS). Primary immunologic
screening was performed with the following monoclonal antibody
supernatants: anti-OspA (9B3D; 6), anti-OspB (84C; 6), and anti-Fla
(H9724; 4). Secondary probing was performed with anti-mouse IgG,
anti-rabbit IgM, and anti-human IgM HRP-conjugated sera. Major
B. burgdorferi antigens and BSA (O).are indicated on the left, and
positions of molecular size standards (in kilodaltons; Bio-Rad) are
on the right.

nent bands for OspA and OspB, as well as the 37.5-kDa
flagellin band (lanes 1 and 3).
The corresponding Western immunoblot (Fig. 1B) con-

firmed the presence of rabbit IgM as an 83-kDa antigen as
previously described (lanes 2 and 5; 8) and also demon-
strated the presence of hIgM in the 83-kDa antigen band of
vesicles prepared from medium supplemented with NHS
(lane 4). Both types of vesicle preparations also contained a
lesser amount of free H, chain (-60 kDa; lanes 2, 4, and 5).
As previously described, rabbit IgM was not detected in

the WCE preparation from NRS-supplemented medium
(lane 2; 8). However, hIgM was detected as an -83 kDa
antigen in the WCE preparation from NHS-supplemented
medium (lane 3). As expected, flagellin was found in both of
the WCE preparations (lanes 1 and 3) but was not detected in
either of the extracellular vesicle preparations (lanes 2 and
4), as has been reported previously (9).

Figure 1 demonstrates that the mock vesicle preparation
also contained an anti-IgM-reactive band of 83 kDa and
BSA, indicating that an 83-kDa band may be formed in the
absence of borrelial components (lane 5 in both figures). This
has also been reported previously but was not discussed by
the investigators (8). The traces of OspA and OspB observed
in Fig. 1B (lane 5) are believed to be due to overloading of
the adjacent vesicle lane.

Passage number-dependent expression of OspB was ob-
served for vesicles (Fig. 2). Figure 2A is a Coomassie
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FIG. 2. Analysis of B. burgdorferi HB19 washed WCE ana
extracellular vesicle preparations by Coomassie blue staining (A)
and Western immunoblotting (B). Five micrograms ofWCE proteins
or 25 ,ug of vesicle proteins per lane was resolved on SDS-10%
polyacrylamide gels and electrotransferred to a PolyScreen mem-
brane. Lanes (all samples were of B. burgdorferi HB19 propagated
in BSK II supplemented with NHS): 1, WCE (passage 10); 2,
vesicles (passage 10); 3, WCE (passage 53); 4, vesicles (passage 53).
Primary immunologic screening was performed with the following
monoclonal antibody supernatants: anti-OspA (9B3D; 6), anti-OspB
(84C; 6), and anti-Fla (H9724; 4). Secondary probing was performed
with anti-mouse IgG and anti-human IgM HRP-conjugated sera.

Major B. burgdorferi antigens and BSA (0) are indicated on the left,
and positions of molecular size standards (in kilodaltons; Bio-Rad)
are on the right.

blue-stained gel of WCE and vesicles from strain HB19 at
passage 10 or 53 propagated in BSK II supplemented with
NHS. Western immunoblotting analysis (Fig. 2B) demon-
strated OspA and OspB in both sets of WCE preparations,
regardless of passage number (lanes 1 and 3). A markedly
reduced level of OspB was expressed in the high-passage
vesicles (lane 4), while OspB was detected at a WCE-
comparable level in the low-passage vesicle preparations
(lane 2). Similarly, this pattern of differential expression for
OspB was observed with low- and high-passage WCE and
borrelia vesicles propagated in BSK II supplemented with
NRS (data not shown).

Vesicle preparations were also assayed by Western immu-
noblotting for the presence of OspD, a 28-kDa lipoprotein
normally expressed only in low-passage isolates (23). Both
WCE and vesicles of low-passage borrelias expressed OspD,
regardless of the serum source used to supplement the
growth medium (Fig. 3, lanes 1, 2, 5, and 6). OspD was also
observed in the WCE preparations of high-passaged borre-
lias grown in either NHS or NRS (lanes 3 and 7) and in the
vesicles of high-passage borrelias grown in NHS (lane 4).
However, OspD was not expressed in the vesicles of high-

FIG. 3. Analysis of B. burgdorferi HB19 WCE and extracellular
vesicle preparations by Western immunoblot. Five micrograms of
WCE proteins or 25 ,ug of vesicle proteins per lane was resolved on
SDS-10% polyacrylamide gels and electrotransferred to a Poly-
Screen membrane. Lanes (the type of preparation and passage

number are given, and the species of serum used to supplement the
medium is in parentheses): 1, WCE, passage 10 (NHS); 2, vesicles,
passage 10 (NHS); 3, WCE, passage 53 (NHS); 4, vesicles, passage
53 (NHS); 5, WCE, passage 10 (NRS); 6, vesicles, passage 10
(NRS); 7, WCE, passage 50 (NRS); 8, vesicles, passage 50 (NRS); 9,
mock vesicles (NRS). Primary immunologic screening was per-
formed with an anti-OspD monoclonal antibody supernatant (1C8),
and secondary probing was done with goat anti-mouse IgG HRP-
conjugated serum. The positions of OspD and molecular size
standards (in kilodaltons; Bio-Rad) are indicated on the left.

passage borrelias propagated in the presence of NRS (lane
8). Other bands of -54, 66, 115, and >150 kDa were
observed in some of the vesicle lanes, including the mock
vesicle lane. All of these reactive bands had undefined
identities. Since they were observed in the mock vesicle
preparation as well, they are not discussed further in this
report.

Transmission electron microscopy of four different nega-
tively stained vesicle preparations failed to demonstrate
more than an occasional intact spirochete (i.e., less than one
in over 50 fields; data not shown). These data were further
confirmation that the protocol used to prepare vesicles
preferentially enriched for extracellular materials and
yielded intact borrelias or protoplasmic cylinders only at
immunologically subdetectable levels, as reported previ-
ously (12).

Adsorption of extracellular vesicles to HUVE cells. After
vesicles had been incubated with HUVE cell monolayers for
4 h and washed with PBSM, apparent vesicle binding was

observed (Fig. 4). Three bands of moderate-to-intense reac-

tivity were recognized by a polyclonal anti-HB19 WCE
serum (lane 1). These bands included OspA and OspB and a

band of -20 kDa with an undescribed identity or function.
As a positive control for adsorption, HB19 WCE also

bound to HUVE cells (lane 2), with strong anti-HB19

7 8 9
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FIG. 4. Western immunoblot analysis of B. burgdorfen prepara-
tions following adsorption on HUVE cell monolayers and washing
with PBSM. Monolayer lysates were resolved on SDS-10% poly-
acrylamide gels and electrotransferred to a nitrocellulose mem-
brane. Anti-B. burgdorferi HB19 rabbit serum was used as the
primary antiserum, and anti-rabbit IgG-HRP was used as the sec-
ondary antiserum. All samples were prepared from B. burgdorferi
HB19 grown in BSK II supplemented with 6% NRS. HUVE cell
monolayers were incubated with 0.77 mg of low-passage vesicles per
ml (lane 1), 0.77 mg of low-passage WCE per ml (lane 2), or M199
medium plus 20% FCS (lane 3). Lane 4 contained a hybridization
control containing 10 Fg of HB19 WCE. The positions of some

major B. burgdorferi surface proteins and molecular size standards
(in kilodaltons; Pharmacia) and are indicated on the left and right,
respectively.

reactivity with flagellin, OspA and OspB, and the -20 kDa
bands. Weaker reactive bands of -60, 42, and 36 kDa, all
with undefined identities, were also observed. No signal was
observed in a medium control adsorption (lane 3; M199 plus
PBSM and 20% FCS), and lane 4 contained a positive
immunoblotting control (10 ,ug of HB19 WCE), confirming
the specificity of the bands observed in lanes 1 and 2.

Quantitative ELISA analysis demonstrated concentration-
dependent association of vesicles with the HUVE cell mono-
layers (Fig. 5). An increased A490 signal was detected
through 5 mg of vesicle protein per ml, indicating that a

plateau had been reached between 5 and 10 mg of vesicle
protein per ml (P < 0.05).

Vesicles prepared from borrelias grown in NHS-supple-
mented BSK II were also observed to associate with HUVE
cells (data not shown). Adsorption or binding of vesicles to
HUVE cells was also demonstrated to be passage number
dependent by Western immunoblot analyses. Neither of the
high-passage vesicle preparations (passage 50 grown in
NRS-supplemented medium and passage 53 grown in NHS-
supplemented medium) associated with HUVE cells (data
not shown).
HUVE cell adsorption of vesicles as a function of the

83-kDa antigen (i.e., the IgM component) was examined
through comparative adsorption of an hIgM myeloma pro-

0 0.2 1.0 5.0 10.0

mg vesicle protein/ ml
FIG. 5. Dose-dependent adsorption of low-passage B. burgdor-

feri HB19 vesicles from NRS-supplemented BSK II on HUVE cell
monolayers. Monolayers and associated vesicles were processed as

described in Materials and Methods. Screening was performed with
rabbit anti-B. burgdorferi HB19 serum as the primary antiserum and
goat anti-rabbit IgG-HRP as the secondary antiserum. The values
shown are means of at least three experiments using triplicate
samples read neat and diluted with citrate-phosphate buffer. Stan-
dard deviations are indicated by the error bars, and statistically
significant (P < 0.05) values are indicated by asterisks. OD 490,
optical density at 490 nm.

tein and low-passage HB19 vesicles prepared from NHS-
supplemented medium (Fig. 6). Western immunoblot analy-
sis ofHUVE cell-adsorbed proteins showed dose-responsive
adsorption of vesicles (lanes 1 to 3) and virtually no adsorp-
tion of hIgM at equivalent protein concentrations (lanes 4 to
7). Similarly, when HUVE cells were incubated with mock
vesicles, no adsorption was detected by immunoblot analy-
sis or ELISA (data not shown). These data suggested that
the adsorption of vesicles occurred by some mechanism
other than HUVE cell-IgM complex formation and demon-
strated dependence upon a borrelial component(s) in the
vesicle.

Vesicle-mediated inhibition of borrelial-HUVE cell associa-
tion. To assess the binding of vesicles to HUVE cells and the
specificity of the interaction quantitatively, we examined the
ability of vesicle preparations to inhibit the binding of viable,
radiolabeled, low-passage HB19. Figure 7 demonstrates
dose-responsive inhibition of B. burgdorfen HB19 spiro-
chete binding as a function of prior vesicle adsorption. The
inhibitory effect was approximately linear and nonsaturating
through 2 mg of vesicle proteins per ml. By comparison, the
ability of the mock vesicle preparation to inhibit HUVE cell
association of HB19 was essentially zero (Fig. 7).

Further experiments confirmed the passage number de-
pendency of the vesicle-HUVE cell interaction, as evi-
denced by the relative inability of high-passage vesicles to
inhibit borrelia-HUVE cell association (Table 1). When
low-passage vesicle preparations were compared with high-
passage preparations, the mean percentages of inhibition
were significantly different (P < 0.001). Also, when the

I I~
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FIG. 6. Western immunoblot analysis of samples adsorbed to
HUVE cell monolayers. hIgM or low-passage HBl9 vesicles from
BSK II supplemented with NHS were added to HUVE cell mono-
layers. Lysates of PBSM-washed monolayers were resolved on
SDS-10% polyacrylamide gels and electrotransferred to a Poly-
Screen membrane. Immunologic screening was performed with
anti-human IgM-HRP. Lanes: 1, 2.0 mg of vesicle proteins per ml; 2,
0.4 mg of vesicle proteins per ml; 3, 0 mg of vesicle proteins per ml;
4, 2.0 mg of hIgM per ml; 5, 1.0 mg of hIgM per ml; 6, 0.4 mg of
hIgM per ml; 7, 0.2 mg of hIgM per ml; 8, 0 mg of hIgM per ml. The
positions of the 83-kDa antigen (8) and H, are indicated on the left.

abilities of low-passage vesicles prepared from NHS- or
NRS-supplemented medium were compared, the NRS-pre-
pared vesicles showed a significantly greater ability to inhibit
spirochetal-HUVE cell association. Mock vesicle prepara-
tions demonstrated no inhibitory effect on the association of
borrelias with HUVE cells, confirming that the inhibitory
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FIG. 7. Dose-dependent inhibition of B. burgdorferi HB19 bind-

ing to HUVE cell monolayers following pretreatment with low-
passage HB19 vesicles (NRS; 0) or a mock vesicle preparation
(NRS; 0). Datum points are means from three experiments (with
triplicate samples) with three different vesicle preparations, and the
resultant standard deviations are indicated.

TABLE 1. Comparison of the abilities of different B. burgdorferi
vesicle preparations to inhibit the association of

B. burgdorfen HB19 with HUVE cells

Vesicle preparation' Mean % inhibition p < 0

Mock, NRS -3.34 ± 9.28 +
Low passage, NRS 58.62 ± 10.00

Low passage, NRS 58.62 ± 10.00 +
High passage, NRS 2.71 ± 9.15

Low passage, NHS 37.18 ± 18.46 +
High passage, NHS 8.80 ± 28.19

Low passage, NRS 58.62 ± 10.00 +
Low passage, NHS 37.18 ± 18.46

a Low passage indicates <10 passages from initial isolation; high passage
indicates >50 passages from initial isolation; NRS, NRS-supplemented BSK
II; NHS, NHS-supplemented BSK II.

b Means of at least three experiments with triplicate samples are shown.
c Student's t test was used to evaluate the means for statistical similarity.

+, means are different with 99.9% confidence.

effect was due to some borrelial component(s) in the vesicle
preparations.

Pretreatment of monolayers with vesicles was not a pre-
requisite for inhibition of borrelia-HUVE cell association.
Experiments which compared the relative abilities of vesi-
cles to inhibit the adherence of labeled borrelias to mono-
layers that had been pretreated for 1 h or had simultaneous
addition of borrelias and vesicles indicated that borrelial
association with pretreated monolayers was inhibited by
58.62% ± 10.00% (2 mg of vesicle protein per ml), while
vesicles added concurrently with borrelias (final concentra-
tion, 2 mg of protein per ml) inhibited borrelia-HUVE cell
association by 54.34% ± 16.56% (P < 0.001).

DISCUSSION
This study was prompted by a report describing rabbit

IgM as a component of a B. burgdorferi vesicle antigen (8)
and previous reports demonstrating that at least some of the
major components of the B. burgdorfien outer surface were
expressed in or on these extracellular vesicles, notably,
OspA and OspB (9). Evidence from this and other laborato-
ries has proposed the involvement of OspA and/or OspB in
mediation of the association of B. burgdorferi with human
cells in vitro (5, 6, 34). Therefore, it was of interest to test the
ability of vesicles to associate with cultured HUVE cells for
potential use in attempts to characterize borrelial association
with mammalian cells.

Extracellular vesicles were prepared by the filtration and
differential centrifugation protocol described by Garon et al.
(12). Vesicle preparations were demonstrated to lack flagel-
lin by Western immunoblot analysis (Fig. 1B and 2B),
indicating a subdetectable amount of intact borrelias in the
preparations. Additionally, electron microscopy of four dif-
ferent negatively stained vesicle preparations failed to dem-
onstrate appreciable numbers of intact spirochetes, support-
ing the validity of this method of producing vesicles with
minimal contamination with intact borrelias. The absence of
viable or intact spirochetes was desirable in efforts to
simplify the test system for HUVE cell association.

All of the vesicle preparations used contained OspA and
the 83-kDa antigen (Fig. 1 and 2), two antigenic markers
described for vesicles (8, 9), regardless of passage number or
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medium serum supplement. While Coomassie blue staining
suggested the presence of OspB in WCEs of both low- and
high-passage HB19 (Fig. 2A, lanes 1 and 3), Western immu-
noblot analysis detected OspB in only the low-passage WCE
(Fig. 2B, lane 2). Interestingly, the vesicles from high-
passage HB19 exhibited a small amount of OspB (Fig. 2B,
lane 4) while its corresponding WCE lacked detectable OspB
(lane 3). Low-passage vesicles contained a level of OspB
visually comparable to that of low-passage WCE (lanes 1 and
2). A similar pattern of OspB expression was observed in
preparations from NRS-supplemented medium (data not
shown). This is in partial agreement with the finding of
Schwan and Burgdorfer, who saw a decrease in the amount
of OspB produced by B. burgdorfen SH-2-82 with repeated
in vitro subculture (28).
An interesting pattern of serum source-dependent expres-

sion of OspD in vesicles for high-passaged borrelias (Fig. 3)
was seen. Typically, OspD is not expressed by high-pas-
saged borrelias, with HB19 being a notable exception (23).
Therefore, this datum is not a contradiction of previously
reported findings. The nature of the relationship between
NHS supplementation of the medium and OspD expression
in high-passage vesicles while high-passage vesicles from
NRS-supplemented medium lack OspD is not known. This is
the first description of this recently described lipoprotein
(23) as a component of B. burgdorfen vesicles.

This is also the first report of hIgM involvement in the
composition of B. burgdorferi vesicles. In agreement with a
previous report (8), we were unable to detect the presence of
rabbit IgM in WCE of borrelias grown in BSK II supple-
mented with NRS. However, in the present study, hIgM was
detected as an 83-kDa band in the WCE of borrelias propa-
gated in NHS-supplemented medium (Fig. 1). The reason for
this difference is unknown. Possible explanations for this
finding are that interactions between human IgM molecules
and borrelias are of a higher affinity than those for borrelias
and rabbit IgM and that the surface of borrelias grown in the
presence of NHS is less prone to vesicle formation or
blebbing, which may explain the absence of rabbit IgM in
WCE preparations.

Interestingly, a mock vesicle preparation from uninocu-
lated BSK II supplemented with 6% NRS also contained an
anti-IgM antibody-reactive band migrating at -83 kDa on
SDS-PAGE (Fig. 1, lane 9). It is possible that IgM molecules
likely exist in the medium as a pentameric complex which
cosediments with borrelial vesicles at 208,000 x g and that
the 83-kDa band has no functional or structural role in the
vesicles. A previous report describing the putative associa-
tion of rabbit IgM and OspA and OspB presented data
correlating the 83-kDa band with rabbit IgM but did not
present direct evidence (e.g., Western analysis data) for the
existence of this heteromolecular complex, and the presence
of the putative 83-kDa antigen band in the mock vesicle
preparation used (i.e., in uninoculated medium) was not
discussed (8). Therefore, there appears to be some contro-
versy over the composition of this 83-kDa antigen.
Our initial finding that vesicles bound to HUVE cells was

made by Western immunoblot analyses using specific anti-
sera or monoclonal antibodies to detect the presence of
borrelial antigens in lysates of washed HUVE cells that had
been incubated with vesicle preparations (Fig. 4 and data not
shown). While the presence of a small number of spirochetes
in these reactions which had associated with the monolayer
cannot be ruled out, the absence of detectable flagellin by the
sensitive Western blotting technique argues strongly against
this. Binding of vesicles to HUVE cells was observed to be

passage number dependent (data not shown), dose respon-
sive (Fig. 5), and independent of the IgM moiety in the
putative 83-kDa antigen (Fig. 6). These data suggest that the
borrelial adhesin is expressed on the vesicle and, because of
the relatively simplistic protein profile of vesicle prepara-
tions, should be definable.

Quantitative assays measuring the amount of vesicle as-
sociation with HUVE cells also supported the data for
passage number dependence (Table 1) and supported the
data for dose-dependent adsorption (Fig. 5 and 7). The
ability to inhibit HUVE cell association was observed for
low-passage preparations containing borrelial antigens, indi-
cating a specificity for the interaction between vesicles and
HUVE cells (Fig. 7 and Table 1). A linear response for the
ability of vesicles to inhibit spirochete-HUVE cell associa-
tion was also observed as a function of vesicle protein
concentration (Fig. 7), and saturation or a plateau of inhib-
itory activity was not observed over the range of concentra-
tions tested.
While the protein concentrations used in this study may

seem to be very high, a recent report by Whitmire and Garon
defined the relative concentrations of OspA and OspB, two
of the major protein constituents of the vesicle, as being only
2.4 and 1.5% of the vesicular protein, respectively (37). The
major component of the vesicle, BSA (66% of the vesicle
protein), arose from the growth medium, while the percent
contribution of the 83-kDa antigen band was unreported (37).
Our data demonstrated that the mock vesicle preparation
was neither adsorbed by HUVE cell monolayers (data not
shown) nor inhibitory for the association of viable borrelias
with HUVE cells (Table 1 and Fig. 7), suggesting that the
active component(s) of the vesicle would indeed be present
in minor concentrations.
The finding that only low-passage vesicle preparations

inhibited borrelial-HUVE cell association (Table 1) further
underscores previous findings that virulence in animal model
systems was restricted to low-passage versions of a strain
(29) and that the ability to associate with cultured cells in
vitro was greatly diminished for high-passage strains (33,
34).

B. burgdorfen vesicles were demonstrated to bind to
HUVE cells via both qualitative and quantitative tech-
niques. Because HUVE cell treatment with vesicles resulted
in decreased levels of radiolabeled borrelia-HUVE cell as-
sociation, these data suggest that the vesicles (i) contained
the B. burgdorfen HUVE cell adhesin(s) and (ii) competed
for an HUVE cell receptor. We propose that the B. burg-
dorfen vesicles may provide an important tool for elucida-
tion of the borrelial adhesion antigen(s) or structure.

Since the association of vesicles with HUVE cells in vitro
is inhibitory for subsequent binding and assumed penetration
by borrelias, vesicle production seems to present a paradox-
ically negative process for the bacteria when the same events
are considered in vivo. Vesicle production likely occurs in
the vascular system of an infected mammal, as blood sam-
ples taken from experimentally infected mice have been
reported to contain vesicular materials (9). It thus seems
likely that the vesicles confer some selective advantage (i.e.,
a beneficial function) to the borrelias, allowing survival in or
perhaps successful egress from the circulatory system. Po-
tential functions for vesicles are reduction of the antigen load
on the borrelial surface (a mechanism for immune evasion)
and delivery of borrelial antigens to the host to initiate
pathogenic responses.
For example, B. burgdorferi vesicles contain a borrelial

factor mitogenic for murine B lymphocytes that stimulates
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IgM production exclusively by vesicle-challenged, naive
murine B cells (37). Both viable and sonicated (i.e., dis-
rupted) extracts of B. burgdorferi have been reported to be
cytotoxic for primary rat brain tissues and astroglial cells
(11). Both viable and antibiotic-killed borrelias have also
been reported to induce interleukin 1 production in a murine
macrophage cell line, as well as in human peripheral blood
monocytes and histiocytes (13). In a more recent report,
sonicated B. burgdorferi has been reported to stimulate
interleukin 11 production by normal human peripheral blood
monocytes (22). A mixture of purified OspA and OspB has
also been demonstrated to stimulate production of tumor
necrosis factor a by both fresh and transformed murine
macrophages (24). Activation of human endothelial cells by
Treponema pallidum, as well as by a purified T. pallidum
lipoprotein, has been described previously (25). Therefore,
data presented in the present study suggest that it is plausible
that in a B. burgdorferi infection, vesicles are one means of
delivering potential activating antigens to the endothelium or
other target cells in a specific and efficient manner.
Data presented here also demonstrated passage number

dependence and medium supplement dependence for ex-
pression of B. burgdorfen surface antigens. Reports from
other laboratories have indicated that vesicles contain anti-
gens such as a low-molecular-weight lipoprotein with unde-
fined functions (16) and a variety of DNA molecules (12).
Cumulatively, the data presented in this study suggest that
B. burgdorferi vesicles may provide an important tool for
future studies of B. burgdorferi pathogenesis and/or physi-
ology.
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