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Abstract

Borrelia burgdorferi adhere to mammalian cells in vitro but
neither the ligand(s) nor the receptor(s) has (have) been
clearly established. Using an in vitro attachment-inhibition as-
say, a B. burgdorferi attachment mechanism has been identi-
fied. Heparin, heparan sulfate, and dermatan sulfate reduced
the attachment of virulent B. burgdorferi strain 297 to HeLa
cells by - 60%. In addition, virulent, but not avirulent, B. burg-
dorferi strains B31, N40, and HB19 demonstrated heparin at-
tachment-inhibition. Attachment to Chinese hamster ovary
cells deficient in heparan sulfate proteoglycans was reduced by
68%compared to attachment to wild-type cells and was identi-
cal to attachment at maximum heparin inhibition to the wild-
type cells. Pretreatment of HeLa cell monolayers with hepari-
tinase, heparinase, and chondroitinase ABC, but not with chon-
droitinase AC, reduced borrelial attachment by - 50%. A
moderately high affinity, low copy number, promiscuous B.
burgdorferi glycosaminoglycan receptor was demonstrated by
equilibrium binding studies. A 39-kD polypeptide, purified by
heparin affinity chromatography from Triton X-100 extracts
derived from virulent borrelia, was a candidate for this recep-
tor. These studies indicate that one mode of B. burgdorferi
attachment to eukaryotic cells is mediated by a borrelial glycos-
aminoglycan receptor attaching to surface-exposed proteogly-
cans on mammalian cells. (J. Clin. Invest. 1994. 93:809-819.)
Key words: bacterial adherence * Borrelia burgdorferi * glycos-
aminoglycans - Lyme borreliosis - proteoglycans

Introduction

Lyme borreliosis, a tick-borne infection caused by the spiro-
chete Borrelia burgdorferi ( 1), is a chronic multisystem dis-
order with skin, central nervous system, cardiac, and joint
manifestations (2). It is the most prevalent vector-borne dis-
ease in the United States of America with - 8,600 cases re-
ported in 1989 (3). Because many cases of early Lyme borre-
liosis escape clinical detection and untreated infection may
have debilitating long-term consequences (2, 4), there has
been a concerted research effort to understand the pathogenesis
of this disease.

These data were presented in part in abstract form at the Southern
Regional Meeting of the American Federation for Clinical Research,
NewOrleans, LA, 21-23 January 1993 and at the 93rd General Meet-
ing of the American Society for Microbiology, Atlanta, GA16-20 May
1993.
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Attachment of B. burgdorferi to host cells, as with other
bacteria (5, 6), is thought to be a critical early step in the patho-
genesis of Lyme borreliosis. In vitro, B. burgdorferi attach to a
variety of endothelial and epithelial cells (7-11 ) and to the
subendothelial cell matrix (7), but the nature of the ligand(s)
or the receptor(s) is not clearly established ( 12). These obser-
vations combined with the multiple organ system involvement
seen in clinical infection (4) suggest that at least one mode of B.
burgdorferi attachment utilizes a host cell molecule which is
distributed on the cell surface of many different cell types.

Glycosaminoglycans (GAGs)' are linear, sulfated hetero-
polysaccharides that have a characteristic disaccharide repeat
sequence (13, 14). With the exception of hyaluronic acid,
GAGsare covalently linked to core proteins to form proteogly-
cans (PGs) ( 13, 14). As PGs are expressed on the surface of
virtually all mammalian cells (15), they are potential targets
for a microbial cytoadhesin. GAG-mediated microbial attach-
ment has been suggested for a limited number of pathogenic
microorganisms, including viruses ( 16-19), bacteria (20, 21 ),
and protozoa (22-25). Two classes of GAG-mediated micro-
bial cytoadhesion have been partially characterized: (a) Try-
panosoma crutzi (25) and some members of the Herpetoviridae
( 17-19) express GAGreceptors which bind to mammalian cell
surface-exposed PGs; (b) Chlamydia trachomatis employs a
trimolecular mechanism for attachment in which GAGsbridge
mutual GAGreceptors on the host cell and on the chlamydial
outer membrane surfaces (20).

This paper now reports that virulent B. burgdorferi bind to
host cell surface-exposed GAGs. Equilibrium binding studies
have identified a moderately high-affinity, low-copy number,
promiscuous B. burgdorferi GAGreceptor. A 39-kD B. burg-
dorferi molecule isolated by heparin affinity chromatography is
a candidate for this receptor.

Methods

Cell lines and bacterial strains. B. burgdorferi strains and mammalian
cell lines used in these studies are listed in Table I. Borrelia were culti-
vated at 33°C in Barbour-Stoenner-Kelley (BSK) medium containing
25 g/liter BSA (Sigma Chemical Co., St. Louis, MO) and no gelatin
(26). The spirochetes were radiolabeled intrinsically by the addition of
5-10 gCi of Trans "5S-Label (an - 70:30 mixture of [35S] methionine
and [35SIcysteine; ICN Biomedicals, Inc., Lisle, IL) to early log-phase
cultures followed by incubation at 330C until the culture had a density
of - 108 organisms/ ml ( 11 ). 35S-labeled organisms were recovered by
differential centrifugation with one wash in PBS to remove unincor-
porated radiolabel; in excess of 99% of the radiolabel in the final
washed organisms was TCA-precipitable. Spirochetes were enumer-
ated by darkfield microscopy. In experiments requiring virulent organ-

1. Abbreviations used in this paper: BSK, Barbour-Stoenner-Kelley;
CHO, Chinese hamster ovary; CS, chondroitin sulfate; DS, dermatan
sulfate; GAG, glycosaminoglycan; HS, heparan sulfate; PG, proteogly-
can.
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Table I. Mammalian Cell Lines and Bacterial Strains Used in These Studies

Strain/cell line Description* Source Reference

Borrelia strains
B. burgdorferi strain B3 1 low passage, virulent S. Norrist 26

high passage, avirulent J. D. Radolf
B. burgdorferi strain 297 low passage, virulent J. D. Radolf 49

high passage, avirulent J. D. Radolf
B. burgdorferi strain N40 low passage, virulent J. D. Radolf 50

high passage, avirulent J. D. Radolf
B. burgdorferi strain HBl9 low passage, virulent J. D. Radolf 49

high passage, avirulent J. D. Radolf
Mammalian cell lines

HeLa (ATCC CCL2) epithelial-like human cell line derived from ATCC,
carcinoma of the cervix Rockville, MD

CHOKl (ATCC CCL61) epithelial-like Chinese hamster cell line J. Eskoll
derived from ovarian tissue

CHOpgsD-803 derived from CHOK1; expresses -10% of J. Esko 37, 38
the normal amount of cell surface-
associated HSand -50% of the normal
amount of CS

CHOpgsE-606 derived from CHOKI; expresses normal J. Esko 39, 40
amounts of cell surface-associated HS
and CS, but the HS is sulfated --333% of
normal

* Key: Low passage, in vitro passages 3-10; high passage, in vitro passage > 50; virulent, infectious in mice; avirulent, reported as noninfectious
in mice by source.

S. Norris, University of Texas Health Science Center, Houston, TX.
§ J. D. Radolf, University of Texas Southwestern Medical Center, Dallas, TX.

J. Esko, University of Alabama, Birmingham, AL.

isms, only borrelia from passages 4 through 10 were used; virulent
B. burgdorferi were maintained by passage through BALB/c mice
(27-29).

Mammalian cells were grown at 370C in 5%CO2. HeLa cells were
routinely grown in MEM(Gibco BRL Life Technologies, Inc., Gai-
thersburg, MD) supplemented with 10% (vol/vol) heat-inactivated
FCS (Gibco BRL), MEMnonessential amino acids (Sigma), 100 U/
ml penicillin. G (Sigma), and 0.1 mg/ml streptomycin (Sigma). Chi-
nese hamster ovary (CHO) cells were routinely grown in Ham's F12
nutrient mixture (Gibco BRL) supplemented with 7.5% (vol/vol)
heat-inactivated FCS, 100 U/ml penicillin G, and 0.1 mg/ml strepto-
mycin. Cells were released from tissue culture flasks by incubation in
0.25% (wt/vol) trypsin (Sigma) in PBS, and were enumerated after
trypan blue staining using a hemocytometer.

Chemicals and other reagents. Heparin ( 176 U/mg), heparan sul-
fate (HS), chondroitin sulfate (CS) A, dermatan sulfate (DS), CS C,
keratan sulfate, hyaluronic acid, and dextran sulfate (average M, 8,000
D) were purchased from Sigma Chemical Co. Completely desulfated,
N-acetylated heparin, completely desulfated, N-sulfated heparin, N-
desulfated, N-acetylated heparin, heparinase, heparitinase, chondroi-
tinase ABC, chondroitinase AC, keratanase, and hyaluronidase were
purchased from Seikagaku America, Inc. (Rockville, MD).

In vitro attachment assay. The in vitro attachment assay was based
on those reported by Thomas et al. ( 11 ), Szczepanski et al. (7), and Ma
et al. (10). Somestudies were performed using HeLa cell monolayers
grown in 96-well tissue culture dishes [average number of HeLa cells
per well (3.6±1.1) x I04J, but the standard binding assay was per-
formed using HeLa cell monolayers grown in 24-well tissue culture
dishes [average number of HeLa cells per well (1.7±0.9) x 105].
Briefly, intrinsically radiolabeled B. burgdorferi were suspended in anti-
biotic-free tissue culture medium and then co-incubated with con-
fluent HeLa cell monolayers cultivated using antibiotic-free tissue cul-

ture medium; in the standard assay, 5 X 107 borrelia were added per
well of a 24-well tissue culture dish and were co-incubated with the
monolayers for 4 h at 370C (approximate B. burgdorferi:HeLa cell
ratio, 300:1 ). The monolayers were washed thrice with PBSand then
solubilized in 0.1% (wt/vol) SDS-0.2 M NaOH. The media-PBS
washes (unattached organisms) and the solubilized monolayers (at-
tached organisms) were subjected to scintillation counting and the pro-
portion of attached organisms was calculated.

Assays utilizing CHOcells were performed in a manner similar to
the HeLa cell-based procedure.

Attachment-inhibition assays. Attachment-inhibition studies were
undertaken using the standard assay with the modification that B.
burgdorferi were preincubated with different amounts of potential in-
hibitors before co-incubation with the monolayer. The degree of at-
tachment-inhibition at any given concentration of inhibitor was calcu-
lated as (Bm.. - Bim) /B.,, where B. was the binding in the absence
of inhibitor and Bi,, was the binding in the presence of inhibitor.

Attachment assay using glutaraldehyde-fixed monolayers. In some
attachment and attachment-inhibition assays the HeLa cell monolayer
was pretreated with glutaraldehyde to prevent intracellular invasion by
the borrelia (30). Briefly, the confluent monolayers were washed twice
with PBS, incubated with 2%(vol/vol) glutaraldehyde (Tousimis Re-
search Corp., Rockville, MD) in PBS for 5 min at 4VC, washed thrice
with PBS, then incubated with 0.16 Methanolamine, pH 8.3 (Sigma),
overnight at 4C to block free amino groups. Before co-incubation with
intrinsically radiolabeled B. burgdorferi, the monolayers were washed
thrice with PBS, washed twice with antibiotic-free HeLa medium, then
incubated with antibiotic-free HeLa medium for 60 min at 370C.

Equilibrium binding studies. Equilibrium binding studies were per-
formed in a similar manner to that described by Mukhopadhyay et al.
(23) and Liang et al. (31 ) to identify GAGbinding ligands in Leish-
mania donovani and Staphylococcus aureus, respectively. [3H(G)]-
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sodium heparin (0.44 mCi/mg; Du Pont New England Nuclear Re-
search Products, Boston, MA) was used as the radioligand. B. burgdor-

feri, recovered by differential centrifugation followed by a single wash
in PBS, were suspended in antibiotic-free HeLa medium at a concen-
tration of 5 X 10' organisms/ml. In a standard experiment, duplicate
or triplicate data points were analyzed. Borrelia (5 x 107) were incu-
bated with various concentrations of [3H ] heparin in the absence (total
bound heparin) or presence (nonspecifically bound heparin) of excess
unlabeled heparin (500 Ag/ml) for 60 min, and were recovered by
differential centrifugation; the reaction volume was 200 ,l. The pellets
were solubilized in SDS-NaOHand attached counts determined by
scintillation counting. Specifically bound heparin was calculated as the
difference between total and nonspecifically bound counts. Data was
analyzed by Scatchard analysis (32, 33). The [3Hjheparin used in
these studies was a heterogenous mixture of molecules with Mr 5,000-
20,000 D, and for the purpose of analysis, an average M, of 10,000 D
was used.

Competitive equilibrium binding studies. Competitive equilibrium
binding studies were performed in a manner similar to equilibrium
binding studies with the exception that the borrelia were incubated
with 100 ng of [3H ] heparin in the presence of varying concentrations
of the potential competitive inhibitor.

GAGlyase pretreatment of HeLa cell monolayers. GAGlyases are
enzymes which digest specific GAGs( 13 ). They were reconstituted in
PBS-50 AMcalcium acetate containing 1 ,ug/ml (wt/vol) leupeptin
(Calbiochem Corp., San Diego, CA) and 1 mMbenzamidine (Calbio-
chem). The concentration of each lyase is reported in conventional
units; 1 conventional unit is 0.006 IU ( 16). Briefly, the confluent HeLa
cell monolayers were washed thrice with ice-cold PBS, then incubated
with GAGIyases 4 U/ml in PBS-50 1Mcalcium acetate for 60 min at
37°C. The GAGIyase was removed by washing thrice with ice-cold
PBS, then the radiolabeled B. burgdorferi were added and co-incubated
with the monolayers for 120 min at 37°C. The proportion of attached
counts was determined as for the standard assay.

Purification of B. burgdorferi heparin binding ligands. B. burgdor-
feri heparin binding molecules were purified by heparin affinity chro-
matography using heparin agarose (Sigma) as the affinity matrix. B.
burgdorferi, recovered and washed once in PBSby differential centrifu-
gation, were incubated in PBS-0.02% (vol / vol) Triton X- 100 (Sigma)
at a concentration of 1 x 109 /ml. The detergent-insoluble material was
removed by differential centrifugation and the detergent extract was
incubated with heparin agarose (5 ml extract/ml of matrix) overnight
at 4°C. Attached proteins were eluted sequentially by 10 bed volumes
respectively of 0.25 MNaCl-0.01% Triton X-100, 0.25 MNaCI-0.5%
Triton X-100, 0.5 MNaCI-0.5% Triton X-100, 1 MNaCl-0.5% Triton
X-100, 2 MNaCI-0.5% Triton X-100, and 6 Murea in PBS. Eluted
samples were dialyzed against PBS before SDS-PAGEanalysis. The 6
M urea eluant was made to 0.05% Triton X-100 before dialysis to
prevent hydrophobic proteins aggregating and precipitating during dial-
ysis.

SDS-PAGE, immunoblotting, and immunologic reagents. SDS-
PAGEand Western blotting procedures were performed as described
previously (34, 35). mAb8H3-33 (IgG3) directed against the B. burg-
dorferi 4 1-kD flagellar protein was provided by Michael V. Norgard,
University of Texas Southwestern Medical Center. A mAband mono-
specific polyclonal rabbit antiserum directed against the B. burgdorferi
P39 antigen (36) were provided by Tom G. Schwan, NIAID Rocky
Mountain Laboratories. In immunoblotting studies, mAbclone super-
natants were used undiluted and the rabbit antiserum was used at a
dilution of 1:500; bound antibody was detected using biotin conjugates
of rabbit anti-mouse IgG or goat anti-rabbit IgG, respectively, fol-
lowed by incubation with streptavidin conjugated to alkaline phospha-
tase (Zymed Laboratories Inc., South San Francisco, CA).

Results

B. burgdorferi attach to epithelial cells in vitro. Binding studies
using HeLa cells in 96-well plates demonstrated that virulent
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Figure 1. Characteristics of in vitro binding assay. Studies were per-
formed using virulent B. burgdorferi strain 297 as described in the
text. Each data point represents the mean±SD for three replicates.
(A) Virulent B. burgdorferi bind to unfixed (m) and glutaraldehyde-
fixed (n) HeLa cells in a dose-dependent manner. (B) Virulent B.
burgdorferi attachment to HeLa cells is time- and temperature-de-
pendent. Studies were performed at 40C (i) and 370C (.).

B. burgdorferi 297 attached to unfixed and glutaraldehyde-
fixed HeLa cells in a dose-dependent fashion (Fig. 1 A). Bind-
ing studies using HeLa cells in 24-well plates demonstrated that
this attachment occurred in a time- and temperature-depen-
dent fashion (Fig. 1 B). No binding was detected when virulent
B. burgdorferi were incubated in tissue-culture wells which had
been incubated with HeLa medium without antibiotics in the
absence of HeLa cells. The parameters chosen for the standard
assay, 5 x 107 B. burgdorferi co-incubated with the HeLa cell
monolayer in 24-well dishes for 4 h at 370C, provided a repro-
ducible procedure; 19±6% (56±18 borrelia/ HeLa cell) of viru-
lent B. burgdorferi strain 297 were attached/invasive after 4 h
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of co-incubation. Data points were performed in triplicate and
in general, the standard deviation was < 10%among replicates.

B. burgdorferi attachment to epithelial cell monolayers is
inhibited by GAGs. Initially, in vitro attachment-inhibition as-
says were performed with HeLa cells using purified GAGs.
Weight per volume instead of molar dilutions of each GAG
were utilized as each individual GAGis a heterogeneous popu-
lation of polymeric molecules with varying molecular masses.
Heparin, HS, and DS diminished attachment of virulent B.
burgdorferi 297 to HeLa cell monolayers in a dose-dependent
manner (Fig. 2); heparin was the most potent inhibitor (Table
II). Each GAGdecreased borrelial attachment by a maximum
of - 60% (Table II). CS A, CS C, keratan sulfate, and hyal-
uronic acid did not affect borrelial attachment (Table II). In
addition, heparin inhibited attachment to glutaraldehyde-fixed
HeLa cell monolayers in a similar manner to attachment-inhi-
bition with unfixed monolayers (Table II, Fig. 3). In excess of
95%of spirochetes were motile after 4 h of incubation in antibi-
otic-free HeLa medium containing 10 ,ug/ml heparin.

BSKmedium contains a high concentration of BSA. Two
experiments established that inhibition of attachment by hepa-
rin was not a consequence of removal of BSA bound to the
borrelia by the PBS wash. First, virulent B. burgdorferi 297
were washed in BSKmedium by differential centrifugation be-
fore co-incubation with the heparin; heparin reduced attach-
ment by 44±8% with an ID50 of 0.25±0.07 ,ug/ml (dose causing
50%maximum inhibition of binding). Second, heparin attach-
ment-inhibition studies were undertaken utilizing HeLa me-
dium without antibiotics supplemented with 25 g/liter BSA;
heparin reduced attachment by 40±4% with an ID50 of 0.4±0.2
,gg/ml. In both cases, the reduction in attachment and the ID50
were similar to studies undertaken with the standard assay (Ta-
ble II).

Charge of the GAGis an important factor in inhibition of
borrelial attachment. Because interactions of GAGswith their
ligands is mediated, at least in part, by ionic interactions ( 14),
the role of the charge of GAGsin inhibiting borrelial attach-
ment to HeLa cells was assessed. Attachment-inhibition stud-
ies were performed using dextran sulfate (average Mr 8,000 D),
a polyanionic synthetic carbohydrate with similar charge den-
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Figure 2. In vitro inhibition by GAGsof virulent B. burgdorferi strain
297 attachment to HeLa cells. Studies were performed as described
in the text. Representative curves for heparin (i), HS (A), and DS
(*). Each data point represents the mean±SD for three replicates.

Table II. In Vitro Inhibition of Binding
of B. burgdorferi 297 to HeLa Cell Monolayers*

Maximum
GAG inhibitiont ID50

% sg/ml

Heparin, untreated monolayer 53±8 0.3±0.1
Heparin, glutaraldehyde-treated monolayer 63±8 0.3±0.3
Heparin, completely desulfated, N-acetylated 0
Heparin, completely desulfated, N-sulfated 0
Heparin, N-desulfated, N-acetylated 0
Dextran sulfate (average M, 8,000 D) 64±1 2±3
HS 67±12 12±5
DS 57±6 63±0
CSA 0
CSC 0
Keratan sulfate 0
Hyaluronic acid 0

* Results for maximum inhibition and for ID50 are the average ob-
tained from a minimum of two experiments for each GAG.
t Difference between maximum and minimum binding as a fraction
of maximum binding.
§ Inhibitory dose of GAGcausing 50% maximum inhibition of bind-
ing.

sity and molecular mass to heparin, and three chemically modi-
fied heparins which have differing degrees of sulfation as com-
pared with native heparin (Table III). Dextran sulfate de-
creased borrelial attachment to HeLa cells to the same extent as
heparin with a similar potency (Table II). Completely desul-
fated, N-acetylated heparin, completely desulfated, N-sulfated
heparin, and N-desulfated, N-acetylated heparin did not affect
attachment (Table II).

Virulent B. burgdorferi attachment to CHOcells deficient in
HSPGs is reduced. Attachment of virulent B. burgdorferi 297
to two mutant CHOcell lines deficient in HS PGs was com-

-
25

J

x 20

E

OCmm 15

-C

a° 1 0
a).0

0)

X-n ,

:2

0
0.01 0.1 1 10

Heparin concentration (pg/mi)

Figure 3. In vitro inhibition by heparin of virulent B. burgdorferi
strain 297 attachment to glutaraldehyde-fixed HeLa cell monolayers.
Studies were performed as described in the text. Each data point rep-
resents the mean±SD for three replicates.
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Table III. Sulfuir Composition of GAGs
and Chemically Modified Heparins*

Percent Percent
N-linked total

sulfur sulfur

Heparin 13.10
Completely desulfated, N-acetylated heparin <0.1 <1.5
Completely desulfated, N-sulfated heparin >4.5 4.5-7.0
N-desulfated, N-acetylated heparin <0.2 >8.0
HS 5.0-6.0
CS 6.2-6.6
DS 6.2-6.9
Keratan sulfate 7-8
Hyaluronic acid 0

* From manufacturer's chemical data information (Seikagaku Amer-
ica Inc., Rockville, MD).

pared with attachment to wild-type CHOK 1 cells. CHOpgsD-
803 expresses 10% of the normal amount of HSPG(37, 38).
CHOpgsE-606 has normal quantities of HS, but the HS is
sulfated - 33% of normal (39, 40) (Table IV); inasmuch as
the charge of the GAGis important in the attachment-inhibi-
tion process, this cell line has an effective partial HSPGdefi-
ciency. In order to minimize experimental variation due to
enumeration and to variable growth of both the CHOcell lines
and the borrelia, each experiment was performed on the same
day using the same heparin and borrelial dilutions; parallel
24-well plates were prepared for each CHOcell line enabling
the number of CHOcells per well to be determined so that the
results could be expressed as borrelia attached per CHOcell.

In the absence of heparin, virulent B. burgdorferi 297 at-
tached to the three CHOcell lines, K1, pgsD-803, and pgsE-
606 (Table IV), but attachment to CHOpgsD-803 was mark-
edly reduced as compared with attachment to CHOKl (Fig. 4,
Table IV); attachment to CHOpgsE-606 was intermediate be-
tween that to CHOKl and to CHOpgsD-803 (Table IV).
Heparin diminished attachment to CHOKl and to CHO
pgsE-606 in a dose-dependent manner with a similar ID50 for
the two cell lines (Table IV). Heparin, however, does not affect
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Figure 4. In vitro heparin inhibition of virulent B. burgdorferi strain
297 attachment to CHOK I (. ) and CHOpgsD-803 (.) cells. Studies
were performed as described in the text. Each data point represents
the mean±SDfor three replicates.

borrelial attachment to CHOpgsD-803 (Fig. 4, Table IV). The
number of borrelia per CHOcell at maximum heparin inhibi-
tion was similar for all three cell types and was the same as
attachment to CHOpgsD-803 in the absence of heparin (Fig.
4, Table IV).

Pretreatment of HeLa cell monolayers with GAGlyases. To
investigate further the role of host cell, surface-exposed GAGs,
attachment studies were undertaken using HeLa cell mono-
layers pretreated with GAGlyases to remove surface-exposed
GAGs. Heparitinase, keratanase, and hyaluronidase specifi-
cally cleave HS, keratan sulfate, and hyaluronic acid, respec-
tively. Heparinase cleaves both heparin and HS because HS
contains heparin-like disaccharides which are susceptible to
heparinase digestion (41 ). Chondroitinase ABCcleaves CS A,
B, and C, whereas chondroitinase ACcleaves CSA and C but
not CS B (dermatan sulfate). As compared with control bind-
ing, virulent B. burgdorferi 297 attachment was decreased by
heparinase, by heparitinase, or by chondroitinase ABC, but
was not affected by chondroitinase AC, by keratanase, nor by
hyaluronidase (Table V). Heparinase in combination either
with heparitinase or with chondroitinase ABC produced no
greater reduction in binding than heparinase alone (Table V).

Table IV. Heparin Inhibition of Attachment of Virulent B. burgdorferi 297 to CHOCell Lines*

Spirochetes attached per CHOcell'"

Maximum At maximum
Cell line Description inhibition5 IDm§ Control heparin inhibition

% jqg/ml

CHOK1 parental 77±1 0.4±0.1 22±1 5±1
CHOpgsD-803 10% normal HS 0 6±2 6±2
CHOpgsE-606 100% HS, but 59±7 0.7±0.1 9±1 4±1

only 33% sulfated

* Results for maximum inhibition and for ID50 are the average obtained from a minimum of two experiments for each CHOcell line.
* Difference between maximum and minimum binding as a fraction of maximum binding.
§ Inhibitory dose of heparin causing 50% maximum inhibition of binding.

The average number of cells per well for each CHOcell line was calculated from a parallel 24-well plate produced at the same time as the plate
used in the adherence studies.
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Table V. Effect of GAGLyase Pretreatment of HeLa Cell
Monolayers on Virulent B. burgdorferi Strain 297 Attachment

Percent reduction
GAGIyase in attachment*

Heparinase 4 U/mi 46±6
Heparitinase 4 U/mi 43± 11
Chondroitinase ABC4 U/mi 46±9
Chondroitinase AC4 U/mi 0
Keratanase 4 U/mi 0
Hyaluronidase 4 U/mi 0
Heparinase 4 U/mi + heparitinase 4 U/mi 51±10
Heparinase 4 U/mi + chondroitinase ABC4 U/mi 62±18

* Difference between control binding and binding after GAGlyase
treatment as a fraction of control binding.

Virulent B. burgdorferi have a moderately high-affinity pro-
miscuous GAGreceptor. Equilibrium binding studies, using
[3H]heparin as the radioligand, were undertaken with intact
virulent B. burgdorferi 297 and demonstrated saturable, spe-
cific heparin binding by the intact organism (Fig. 5, inset).
Scatchard analysis (Fig. 5) indicated that B. burgdorferi pos-
sessed a GAGreceptor of moderately high affinity (apparent
Kd = 56±12 nM; three experiments) and relatively low copy
number (( 12±7 X 103/organism; three experiments). The pos-
sibility of a second, lower-affinity receptor was considered, but
iterative modeling (32) of the data collected from three equilib-
rium binding studies favored the existence of only a single re-
ceptor (data not shown).

In order to determine if there was a single promiscuous
GAGreceptor or individual receptors for heparin, HS or DS,
equilibrium binding competition studies were performed in the
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presence of a fixed amount of radioligand and varying amounts
of each competitor. Heparin competitively inhibited [3H]-
heparin binding to intact virulent B. burgdorferi 297 (Fig. 6).
Dextran sulfate, HSand DSalso competitively inhibited [3H]-
heparin binding (data not shown), but only heparin and dex-
tran sulfate completely displaced all bound radioligand. HS
and DS, at a concentration of 100 ,ug/ml, displaced only 46%
and 59%, respectively, of the radioligand. These results are con-
sistent with a promiscuous GAGreceptor with different affini-
ties for heparin, HS, and DS.

Avirulent B. burgdorferi strains B31, HBI 9, and N40 do not
exhibit heparin-inhibitable attachment. The role of GAG-me-
diated cytoadhesion in virulence was assessed for virulent and
avirulent organisms of B. burgdorferi strains 297, B3 1, HB19,
and N40. Continuous in vitro cultivation attenuates B. burg-
dorferi virulence (28); all avirulent strains used were high-pas-
sage isolates and were stated to be avirulent by the laboratory
supplying the strain. All virulent isolates were from in vitro
passages 3 through 10.

The proportion of B. burgdorferi which attached to the
HeLa cell monolayers varied as to the strain (Table VI). Viru-
lent strains B3 1, N40, and HB19 demonstrated increased at-
tachment as compared with their respective avirulent strain;
virulent and avirulent B. burgdorferi 297 showed a similar de-
gree of attachment (Table VI).

All four virulent strains tested demonstrated heparin-in-
hibitable attachment to HeLa cell monolayers with similar pa-
rameters (Table VI). In distinct contrast, heparin does not af-
fect attachment of avirulent B. burgdorferi strains B3 1, HB19,
and N40 to HeLa cells (Table VI); interestingly, avirulent B.
burgdorferi 297 demonstrates heparin-inhibitable attachment
(Table VI). Equilibrium binding studies were undertaken with
virulent and avirulent B. burgdorferi B3 1; virulent B31 ex-
pressed a low copy number GAGreceptor (( 19±7) X 103/ or-
ganism; three experiments) with apparent Kd 74±1 1 nM(three

10 20

parin added (ag)

Figure 5. Scatchard analysis of
heparin binding to intact virulent
B. burgdorferi strain 297. Inset
shows heparin binding curve;
borrelia were incubated with [3H]-
heparin in the presence (.) or in
the absence (m) of excess unlabeled
heparin and specific binding (dark
line, A ) is the difference between

10 total and nonspecific binding.
Each data point represents the

burgdorferi (nM) mean±SD for two replicates.
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Figure 6. Binding of [3H] heparin to virulent B. burgdorferi strain 297
is competitively inhibited by unlabeled heparin. Studies were per-

formed as described in the text. Each data point represents the
mean±SDfor two replicates.

experiments), but avirulent B3 1 does not express this receptor
(three experiments).

Purification of B. burgdorferi heparin binding ligands by
heparin affinity chromatography. B. burgdorferi heparin bind-
ing ligands were purified from Triton X- 100 solubilized borre-
lial membrane proteins by heparin affinity chromatography.
Although Triton X-100 solubilizes B. burgdorferi proteins
from both the outer and the cytoplasmic membranes, the solu-
ble detergent extract is relatively enriched for outer membrane
proteins at low detergent concentrations (35, 42). In prelimi-
nary studies, intrinsically radiolabeled B. burgdorferi 297 were

incubated with 0%, 0.01%, and 0.02% Triton X-100 in PBS;
5%, 10%, and 20%of incorporated counts were solubilized with
the respective detergent concentrations, indicating that even

0.01% Triton X- 100, a concentration less than Triton X- 100's
critical micellar concentration (cmc) (cmc 0.02%) (43), sol-

ubilized borrelial components. On the basis of these results,
0.02% Triton X- 100 extracts were used for purification of B.
burgdorferi heparin binding ligands.

SDS-PAGEanalysis of a typical purification procedure us-
ing detergent extracts derived from virulent B. burgdorferi 297
is shown in Fig. 7 (A). The original detergent extract contains a
number of proteins (lane S), but the majority of those which
bound to the heparin matrix, including OspA and OspB, were
eluted by only 0.25 MNaCl (lane 1); additionally, a lesser
amount of the OspA and OspB were eluted by 0.5 MNaCl
(lane 2). A small, reproducible group of proteins with Mr of
40,000, 38,000, and 24,000 D were eluted by 1 MNaCl (lane
3) and no additional proteins were eluted by 2 MNaCl (lane
4); trace amounts of OspA and OspB were present in the 1 M
NaCl fractions (data not shown). One protein of Mr 39,000 D
had such high affinity for heparin that 6 Murea was required
for its elution (lane 5). This 39-kD protein is distinct from the
proteins eluted by 1 MNaCl on the basis of Mr.

The borrelial origin of these eluted proteins was confirmed
unequivocally. First, the borrelial heparin binding ligands were
purified from detergent extracts derived from intrinsically ra-
diolabeled spirochetes; bands identified by autoradiography
(Fig. 7 B) corresponded with those seen by silver stain (Fig. 7
A). Second, the 24-, 38-, 39-, and 40-kD proteins were not
purified when only BSK medium was applied to the column
indicating that they are not eukaryotic heparin binding pro-
teins present in the rabbit sera (data not shown). Third, aga-
rose matrix without heparin was incubated with radiolabeled
detergent extract, washed extensively in PBS, and any attached
molecules released by boiling in SDS-PAGE final sample
buffer; no borrelial molecules were detected in the sample
either when they were subjected to scintillation counting or
when they were analyzed by SDS-PAGE followed by auto-
radiography.

Detergent extracts derived from virulent and avirulent B.
burgdorferi B3 1, respectively, were subjected to heparin affin-
ity chromatography. SDS-PAGEanalysis of the fractions de-
rived from the virulent strain was the same as that seen with
virulent B. burgdorferi 297 (data not shown). In contrast, anal-
ysis of fractions derived from avirulent B. burgdorferi B3 1 (Fig.
7 C) indicated that the 1 MNaCl (lane 3) and 6 Murea (lane
5) eluants were distinct from those obtained with detergent

Table VI. Summary of Studies with Virulent and Avirulent B. burgdorferi Strains*

Attachment in the absence of heparin
Heparin attachment-inhibition

Spirochetes
B. burgdorferi Percent attached per Maximum GAG

strain Virulence boundt HeLa cell inhibition5 rD501 receptor

% % 'Ug/ml

297 V 19±6 56±18 53±8 0.3±0.1 +
A 16±5 47±15 55±4 0.35±0.02 ND

B31 V 22±10 64±29 53±10 0.5±0.2 +
A 4±3 12±9 0 -

N40 V 15±5 44±15 46±11 0.5±0.1 ND
A 4±2 12±6 0 ND

HB19 V 17±6 50±18 54±3 0.6±0.3 ND
A 6±4 18±12 0 ND

* Abbreviations used: V, virulent; A, avirulent; ND, not done; +, moderately high-affinity GAGreceptor present; -, moderately high-affinity
GAGreceptor not present.

Proportion of spirochetes bound in the absence of heparin after co-incubation at 370C for 4 h.
§ Difference between maximum and minimum binding as a fraction of maximum binding.
"Inhibitory dose of heparin causing 50% maximum inhibition of binding.
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Figure 7. Purification of B. burgdorferi heparin binding ligands by
heparin affinity chromatography. Triton X-100 detergent extracts
were incubated with heparin agarose and the bound molecules were
eluted sequentially with a step gradient consisting of increasing NaCl
concentrations and finally 6 Murea. Samples were analyzed by 10%
SDS-PAGEand silver staining followed by autoradiography for ma-

1 2 3 4 Figure 8. The 39-kD B.
burgdorferi heparin

45 binding protein eluted
-I~IIIi~i D by 6 Murea is neither

31 - the 41-kD flagellar nor
the P39 antigen. Sam-

ples were separated on a 10% polyacrylamide gel, electroblotted to
nitrocellulose, and then probed with a mAbdirected against either
the 41-kD flagellar protein (lanes I and 2) or the P39 antigen de-
scribed by Simpson and co-workers (36) (lanes 3 and 4). Lanes I and
3, virulent B. burgdorferi 297 (2 X 106 per lane); lanes 2 and 4, 6 M
urea eluant derived from virulent B. burgdorferi 297 (see Fig. 7 A,
lane 5) ( 2 tug of protein per lane). Molecular mass markers in kD
are shown on the left.

extracts derived from the virulent strain (Fig. 7 A); in particu-
lar, the avirulent B3 1 extract contained no proteins which were
eluted by 6 Murea (lane 5).

Immunoblotting studies indicated that the 39-kD protein
eluted by 6 Murea was neither the 4 l-kD flagellar protein nor
the P39 antigen described by Simpson and co-workers (36).
Monoclonal antibodies directed against the 4 l-kD flagellar and
the P39 proteins reacted with their respective antigens in B.
burgdorferi 297 but did not react with any component of the 6
Murea eluant (Fig. 8). In addition, monospecific polyclonal
antisera directed against P39 did not react with any component
of the 6 Murea eluant (data not shown).

Discussion

Attachment of microorganisms to cells of the host is believed to
be a critical early step in microbial pathogenesis (5). The stud-
ies reported in this paper have identified and partially charac-
terized a mechanism for borrelial cytoadhesion.

Previous in vitro studies of B. burgdorferi attachment have
concentrated on the interaction of the spirochete with endothe-
lial cells (7, 10, 11 ). Epithelial cells, however, were used in the
attachment and attachment-inhibition studies reported in this
paper because heparin, generally in a concentration of 100 itg/
ml or more ( I 1, 44), is used as a growth supplement in endothe-
lial cell culture. In fact, heparin was such a potent inhibitor of
borrelial attachment that the ID50 is at least 300-fold less than
the concentration routinely used in endothelial cell culture (7,
1 1 ). It is predicted, however, that results obtained in these stud-
ies will be expandable to other cell types including endothelial
cells because of the ubiquitous distribution of surface-exposed
PGs in mammalian systems ( 17, 45).

A reproducible HeLa cell-based binding assay was devel-

terial derived from intrinsically radiolabeled organisms. The 39-kD
protein eluted by 6 Murea (4), and the 40- (-) and 38-kD (*) pro-
teins eluted by 1 MNaCl are marked. Molecular mass markers in kD
are shown on the left of each panel. (A) Silver-stained gel of fraction-
ation of detergent extract from unlabeled virulent B. burgdorferi
strain 297. (B) Autoradiogram of fractionation of detergent extract
from intrinsically labeled virulent B. burgdorferi strain 297. (C)
Silver-stained gel of fractionation of detergent extract from unlabeled
avirulent B. burgdorferi strain B3 1. Lane S, 0.02% Triton X-100 ex-
tract initially loaded onto column; lane 1, 0.25 MNaCl-0.5% Triton
X-100 eluant; lane 2, 0.5 MNaCl-0.5% Triton X- 100 eluant; lane
3, 1 MNaCl-0.5% Triton X-100 eluant; lane 4, 2 MNaCI-0.5% Triton
X- 100 eluant; lane 5, 6 Murea eluant.
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oped. As has been demonstrated in endothelial and glial cell
studies (7, 11, 46), B. burgdorferi attached to HeLa cells in a
dose-, time-, and temperature-dependent fashion. Borrelia also
attached to monolayers pretreated with glutaraldehyde to pre-
vent intracellular penetration. The inability to saturate attach-
ment to both unfixed and fixed monolayers even at B. burgdor-

feri: HeLa cell ratios of 30,000:1 probably is due to spirochete-
spirochete binding at high concentrations of organisms. In
general, the results obtained in the standard binding assay are
comparable with those reported by other investigators, al-
though the proportion of virulent B. burgdorferi HB19 which
were attached/invasive after 4 h of co-incubation with the
HeLa cell monolayer (17±6%) is slightly greater than that re-
ported by Thomas and Comstock under similar conditions
(3.6%) (11).

Although heparin was the most potent in vitro inhibitor of
borrelial attachment, HS is the GAGof this class which is cell
surface-associated and nearly all adherent mammalian cells ex-
press HSPGs ( 13, 14, 47). A number of lines of experimental
evidence support the hypothesis that B. burgdorferi attach to
eukaryotic cell surface exposed PGs, including HS PGs. First,
attachment-inhibition assays demonstrated that heparin, HS,
and DS reduced virulent B. burgdorferi 297 attachment to
HeLa cells in a dose-dependent manner. Although absolute
borrelial attachment varied from experiment to experiment,
both the maximal percentage attachment-inhibition and the
ID50 were reproducible. GAG-mediated attachment-inhibition
was not a technical artifact due to washing the organisms in
PBS. Furthermore spirochetal motility, a surrogate marker for
spirochetal viability, was maintained after incubation in hepa-
rin indicating that the attachment-inhibition was not due to a
direct toxic effect of the GAGon the spirochete. Second, borre-
lial attachment to two mutant CHOcell lines deficient in HS
PGs was reduced. As these mutant CHOcells were derived by
chemical mutagenesis (37), the fact that consistent results were
obtained from the two cell lines makes it is unlikely that addi-
tional uncharacterized mutations in either cell line were respon-
sible for the observed decrease in borrelial attachment. Third,
B. burgdorferi attachment was reduced by a similar degree to
HeLa cell monolayers pretreated with heparinase and hepari-
tinase and combined treatment with both Iyases was not addi-
tive. This suggests that the borrelia are interacting with the
heparin-like structures in the HSPGs. Furthermore, chondroi-
tinase ABCbut not chondroitinase AC reduced borrelial at-
tachment suggesting that CSB may act as a target for the borre-
lial GAGreceptor.

The promiscuous GAGreceptor demonstrated by equilib-
rium binding studies has been putatively assigned a surface-ex-
posed outer membrane location because the equilibrium bind-
ing studies and the in vitro attachment-inhibition studies were
undertaken using intact organisms. Based on published experi-
ence with Treponema pallidum and B. burgdorferi (35, 42),
low detergent concentrations were used to obtain detergent ex-
tracts which were enriched for B. burgdorferi outer membrane
proteins. From such detergent extracts derived from virulent B.
burgdorferi, a 39-kD borrelial molecule has been purified in
microgram amounts by heparin affinity chromatography. It
has such a high affinity for heparin that it is resistant to elution
by 2 M NaCl and requires 6 Murea to be eluted from the
column. Furthermore, this protein is not purified when deter-
gent extracts from avirulent B. burgdorferi B3 1 are applied to
the affinity matrix. These combined data indicate that this 39-

kD protein is a strong candidate for the B. burgdorferi GAG
receptor. The low yield from this purification procedure is con-
sistent with the low copy number of the B. burgdorferi GAG
receptor predicted by Scatchard analysis. The subcellular loca-
tion of the 39-kD protein, however, is unknown because the
detergent extracts contain cytoplasmic in addition to outer
membrane proteins.

On the basis of immunoblotting studies, the 39-kD protein
is not one of the previously characterized borrelial antigens
with similar molecular mass; i.e., it is neither the P39 nor the
flagellar protein. Furthermore, the GAGreceptor demon-
strated by equilibrium binding studies cannot be the P39 anti-
gen because the P39 antigen is present in avirulent B3 1 (36).
Although OspA and OspB were present in trace amounts in the
1MNaCl fractions, there are several lines of evidence which
indicate that they are not the B. burgdorferi GAGreceptor.
First, avirulent B. burgdorferi B3 1 contains normal amounts of
OspA and OspB but exhibits neither heparin attachment-inhi-
bition to HeLa cells nor the GAGreceptor. Second, Scatchard
analyses indicate that the GAGreceptor is present in much
lower copy number than the highly abundant OspA and OspB.
Third, OspA and OspB were eluted primarily in 0.25 MNaCl
which strongly suggests that they are binding to heparin in a
nonspecific manner.

The promiscuous nature of the B. burgdorferi GAGrecep-
tor with its variable affinity for different GAGs is consistent
with other GAGbinding receptors (13, 14, 47). Although
GAG-specific ligand-receptor interactions have been reported
(14), most GAGreceptors are able to bind to several GAGs
with differing affinities ( 13, 14, 47). Despite the structural het-
erogeneity of GAGs, GAG-receptor interactions are predomi-
nantly ionic in nature with charge density of the GAGbeing a
major factor ( 13, 14). In general, this means that the most
sulfated GAGs (e.g., heparin) have the highest affinity (14)
and that the synthetic, highly charged, polyanionic dextran sul-
fates also interact with these receptors (48). The structure of
the polysaccharide, however, is also important (48). For exam-
ple, in previous studies (13, 14, 47) and in experiments re-
ported here (Fig. 2, Table II), HS and DS showed superior
binding capacity compared to CS, although each has a similar
charge density; it has been speculated that iduronic acid in HS
and DSconfers conformational flexibility and allows enhanced
interaction with the ligand (47).

The fact that GAGsinhibit B. burgdorferi attachment by a
maximum of - 60% indicates that B. burgdorferi, like other
microbes (5), has several attachment mechanisms. The com-
bined data, however, strongly support the hypothesis that one
mode of B. burgdorferi attachment to host cells is mediated via
a borrelial GAGbinding receptor and host cell, surface-ex-
posed PGs. Although B. burgdorferi utilizes a similar GAG-
mediated attachment mechanism to that employed by T. cruzi
(25), the nature of the individual components of attachment
process are different. T. cruzi has a GAGbinding receptor
which has greatest affinity for HS and heparin completely in-
hibits trypanosomal cytoadhesion (25); in contrast, B. burg-
dorferi has a promiscuous GAGreceptor with greatest affinity
for heparin and heparin only reduces attachment by - 60%.
By extending the described spectrum of GAG-mediated micro-
bial attachment mechanisms ( 17-20, 22, 25), these data sup-
port the notion that such mechanisms are a frequent theme of
microbial attachment.

The observations with respect to virulent and avirulent B.
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burgdorferi strains extend previous studies (7, 1 1 ) and suggests
that GAG-mediated attachment may be associated with viru-
lence. All four virulent strains bound to HeLa cells in a similar
manner and their attachment was heparin-inhibitable. Three
of the avirulent strains attached poorly to the HeLa cells and
did not demonstrate heparin-inhibitable attachment. Interest-
ingly, the only avirulent strain which did demonstrate heparin-
inhibitable attachment also attached to HeLa cells at a similar
level as the parental virulent strain. Furthermore, avirulent B.
burgdorferi B31 did not exhibit the moderately high-affinity
GAGreceptor which is demonstrated in virulent B3 1. The fact
that one avirulent strain still demonstrates heparin attach-
ment-inhibition does not exclude a role for GAG-mediated
attachment in borrelial virulence. B. burgdorferi probably has
multiple virulence determinants and loss of any one determi-
nant may result in loss of virulence. The avirulent strains are
obtained by prolonged in vitro culture and it seems unlikely
that each strain will lose the same virulence factors in the same
order each time they are passaged continuously in vitro. Fur-
ther studies are required to establish definitively whether
GAG-mediated attachment is a true virulence determinant.

These studies identify and partially characterize a borrelial
cytoadhesion mechanism and extend previous studies which
correlated cytoadhesion with B. burgdorferi virulence. Further
delineation of the putative borrelial GAGreceptor is warranted
as it will increase our understanding of the pathogenesis of
Lyme borreliosis.
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