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A prominent feature of Lyme disease is the perivascular accumulation of mononuclear leukocytes. Incuba-
tion of human umbilical vein endothelial cells (HUVEC) cultured on amniotic tissue with either interleukin-1
(IL-1) or Borrelia burgdorferi, the spirochetal agent of Lyme disease, increased the rate at which human
monocytes migrated across the endothelial monolayers. Very late antigen 4 (VLA-4) and CD11/CD18 integrins
mediated migration of monocytes across HUVEC exposed to either B. burgdorferi or IL-1 in similar manners.
Neutralizing antibodies to the chemokine monocyte chemoattractant protein 1 (MCP-1) inhibited the migra-
tion of monocytes across unstimulated, IL-1-treated, or B. burgdorferi-stimulated HUVEC by 91% * 3%, 65%
* 2%, or 25% = 22%, respectively. Stimulation of HUVEC with B. burgdorferi also promoted a 6-fold = 2-fold
increase in the migration of human CD4* T lymphocytes. Although MCP-1 played only a limited role in the
migration of monocytes across B. burgdorferi-treated HUVEC, migration of CD4" T lymphocytes across
HUVEC exposed to spirochetes was highly dependent on this chemokine. The anti-inflammatory cytokine IL-10
reduced both migration of monocytes and endothelial production of MCP-1 in response to B. burgdorferi by
approximately 50%, yet IL-10 inhibited neither migration nor secretion of MCP-1 when HUVEC were stimu-
lated with IL-1. Our results suggest that activation of endothelium by B. burgdorferi may contribute to
formation of the chronic inflammatory infiltrates associated with Lyme disease. The transendothelial migra-
tion of monocytes that is induced by B. burgdorferi is significantly less dependent on MCP-1 than is migration
induced by IL-1. Selective inhibition by IL-10 further indicates that B. burgdorferi and IL-1 employ distinct

mechanisms to activate endothelial cells.

Lyme disease is the most prevalent vector-borne illness in
the United States (1). A prominent histopathologic feature of
this disease is the presence of inflammatory infiltrates within
infected tissues (15). During an inflammatory response, leuko-
cytes leave the bloodstream and enter surrounding tissues by
binding to and then traversing the endothelial cell monolayer
that lines the blood vessel wall. This transendothelial migration
is dependent on the interactions of adhesion molecules on
endothelium and leukocytes and on the production of che-
moattractants (43), which include the chemotactic cytokines
known as chemokines. Chemokines are subdivided into groups
based on the positions of their conserved cysteine residues.
CXC chemokines, which include the GRO proteins and inter-
leukin-8 (IL-8), tend to be chemotactic for neutrophils,
whereas CC chemokines, such as monocyte chemoattractant
protein 1 (MCP-1), tend to attract monocytes and lymphocytes
(2, 3). Recently, an integral membrane protein with a chemo-
kine-like domain at its amino terminus has also been identi-
fied. This protein, termed fractalkine or neurotactin, is classi-
fied as a CX;C chemokine and is expressed on the surfaces of
human umbilical vein endothelial cells (HUVEC) stimulated
by IL-1 or tumor necrosis factor alpha (TNF-a) (6, 35).

Endothelial cells actively control the trafficking of leukocytes
and are therefore important regulators of the inflammatory
response. Treatment of endothelial cells with the proinflam-
matory cytokines IL-1 and TNF-a results in upregulation of
the expression of adhesion molecules for leukocytes, including
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vascular cell adhesion molecule 1 (VCAM-1), intercellular ad-
hesion molecule 1 (ICAM-1), and E-selectin (43), and in in-
creased production of several chemokines, including IL-8 and
MCP-1 (2). As a result of this stimulation, the transendothelial
migration of both neutrophils (17, 19, 26) and monocytes (31,
36) is enhanced. Likewise, the causative organism of Lyme
disease, Borrelia burgdorferi, stimulates cultured endothelial
cells to increase their expression of VCAM-1, ICAM-1, and
E-selectin (8, 41) and to secrete IL-8 (9). As a consequence of
these changes, neutrophils migrate across endothelial mono-
layers that have been exposed to B. burgdorferi (9, 41). B.
burgdorferi spirochetes do not contain lipopolysaccharide
(LPS) (46), a potent activator of endothelial cells (2). Instead,
endothelial activation is mediated, at least in part, by the outer
surface lipoproteins of B. burgdorferi (16, 40, 50). Although the
phenotype of HUVEC treated with B. burgdorferi is quite sim-
ilar to that of HUVEC treated with IL-1 or TNF-«, these host
cytokines do not mediate activation of HUVEC by the spiro-
chetes (9).

The effects of B. burgdorferi on the transendothelial migra-
tion of mononuclear leukocytes in vitro have not been studied,
even though these cells are typically found in the chronic in-
flammatory lesions associated with Lyme disease (15). Herein
we show that B. burgdorferi is as strong a stimulus as IL-1 in
terms of promoting the transendothelial migration of mono-
cytes. However, IL-1 and B. burgdorferi induce this migration
through different mechanisms.

MATERIALS AND METHODS

Antibodies and recombinant proteins. Monoclonal antibody (MAb) HP1/2,
immunoglobulin (Ig) type IgGl1, directed against very late antigen 4 (VLA-4)
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(38), was provided by Roy R. Lobb (Biogen Inc., Cambridge, Mass.). MAb
TS1/18 (I1gG1) (39), directed against CD18, was provided by Richard T. Coughlin
(Cambridge Biotech, Worcester, Mass.). Neutralizing MAbs (IgG1) to human
MCP-1 were purchased from R&D Systems (Minneapolis, Minn.) and Anogen
(Mississauga, Ontario, Canada). MAb MOPC-21 (IgG1), obtained from Sigma
Chemical Co. (St. Louis, Mo.), was used as a control. Recombinant human IL-18
was supplied by Collaborative Biomedical Products (Bedford, Mass.). Recombi-
nant human IL-4 and IL-10 were obtained from R&D Systems.

Culture of spirochetes. B. burgdorferi HBD1, originally isolated from human
blood (7), was cultured at 33°C in serum-free Barbour-Stoenner-Kelly medium
modified to minimize the content of LPS (41). HBD1 spirochetes (passages 40 to
53) were used in all experiments unless noted otherwise. B. burgdorferi N40 (5),
isolated from heart tissue of infected mice (12) and passaged one to three times
in vitro, was used in some experiments. Spirochetes were harvested during
late-log-phase growth, centrifuged, and resuspended in medium 199 (M199; Life
Technologies Inc., Grand Island, N.Y.) containing 20% heat-inactivated (heated
for 30 min at 56°C) fetal bovine serum (HIFBS; HyClone Laboratories, Logan,
Utah) and, in conditioned media and enzyme-linked immunosorbent assay
(ELISA) experiments, 25 mM HEPES (pH 7.2). To control for the introduction
of exogenous LPS, a sham preparation was made by subjecting a volume of
uninoculated growth medium equal to the largest volume of spirochete culture
used in each experiment to the same manipulations as the spirochetes them-
selves.

Isolation and culture of cells. Endothelial cells were isolated from human
umbilical veins by collagenase perfusion and were maintained in M199-20% FBS
supplemented with 100 U of penicillin per ml, 100 pg of streptomycin per ml, and
2 pg of amphotericin B per ml at 37°C (21, 41). After 3 to 5 days, cells from
confluent cultures were trypsinized, pooled, and passaged onto tissue culture
plates or acellular connective tissue substrates prepared from human amnion
(18).

Leukocytes were isolated from the venous blood of healthy adults by dextran
sedimentation followed by density gradient centrifugation. Monocytes, isolated
by using a hyperosmotic medium (Accudenz; Accurate Chemical Co., Westbury,
N.Y.) as previously described (31), were greater than 90% pure, as determined
by their ability to phagocytose latex beads. CD4* T cells, purified using Accu-
Prep lymphocytes (Accurate) followed by positive selection with Dynabeads
(product M-450 CD4; Dynal, Lake Success, N.Y.) were at least 98% pure, as
determined by fluorescence-activated cell sorting (FACS) analysis using fluores-
cently labeled MAbs against both CD4 and CD3 (Simultest CD3/CD4; Becton
Dickinson, San Jose, Calif.). Magnetic beads were removed from the lympho-
cytes prior to migration assays by using DETACHaBEAD (Dynal).

Immunofluorescence detection of B. burgdorferi. B. burgdorferi spirochetes
were incubated with HUVEC-amnion cultures for 8 h. Cultures were then fixed
in 10% buffered formalin for 1 h, washed in a large volume of phosphate-
buffered saline (PBS) overnight, and incubated with 50 pg of fluorescein-labeled,
affinity-purified, anti-B. burgdorferi polyclonal antibody (Kirkegaard & Perry
Laboratories, Inc., Gaithersburg, Md.) per ml in PBS for 2 h at 37°C in the dark.
Tissues were washed in PBS and prepared for fluorescence microscopy by
mounting in a mixture of 90% glycerol-10% PBS containing 1 mg of 1,4-phen-
ylenediamine (Aldrich, Milwaukee, Wis.) per ml. The number of spirochetes
associated with each HUVEC-amnion culture was determined in five randomly
selected 400X fields. The number of spirochetes beneath the endothelial cells
was assessed by counting all spirochetes in focal planes underneath that of the
endothelial monolayer.

Quantitation of MCP-1. HUVEC plated at 2 X 10° cells per well in 24-well
tissue culture plates were grown to confluence and incubated at 37°C with 1.0 ml
of M199-20% HIFBS-25 mM HEPES (pH 7.2) or test preparations for various
times. Conditioned media were collected and centrifuged at 20,000 X g for 30
min. Amounts of MCP-1 in supernatants were measured by using a commercial
ELISA kit (Anogen).

Chemotaxis assay. Conditioned media were collected from HUVEC (2 X 10°
cells per well in 24-well tissue culture plates) incubated for 24 h at 37°C with 1
ml of M199-20% HIFBS-25 mM HEPES (pH 7.2) containing 5 U of IL-1f per
ml or B. burgdorferi at a ratio of 10 spirochetes per endothelial cell (Bb/EC).
Conditioned media were diluted 10-fold in M199-25 mM HEPES (pH 7.2) and
tested for the ability to induce chemotaxis of monocytes, in the presence or
absence of MAbs, in leading-front Boyden chamber assays as previously de-
scribed (36).

Leukocyte transendothelial migration assay. HUVEC were plated at a density
of 1.5 X 10° cells per cm? on amniotic tissue and cultured for 7 to 10 days (21).
Confluent monolayers were washed, incubated with M199-20% HIFBS or var-
ious test preparations for 8 h at 37°C, and again washed. Monocytes (2 X 10°
cells per cm?) or CD4™ T cells (6.5 X 10° to 1 X 10° cells per cm?) were added
to the HUVEC monolayers for 20 min, 1 h, or 2 h at 37°C. The cultures were then
fixed in 10% buffered formalin, rinsed in saline, and stained with Wright’s stain.
The total number of leukocytes associated with each tissue was determined by
counting nine X400 fields, using light microscopy to view whole mounts en face.
The percentage of leukocytes that migrated beneath the endothelium compared
to the percentage that were adherent to the apical side of the endothelium was
assessed by analysis of sections cut perpendicularly to the plane of the HUVEC
monolayer as previously described (36).

In some experiments, monocytes were preincubated for 30 min at 22°C with
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MADbs directed against adhesion molecules before addition to HUVEC cultures.
These MAbs were used at concentrations previously determined to be saturating
(31). In other experiments, antibody to MCP-1 was added both above and
beneath HUVEC-amnion cultures, which were elevated on silicone rubber sup-
ports to allow better access of the antibody (36). To test the effect of IL-10 on
activation of HUVEC by IL-1 or B. burgdorferi, HUVEC cultures were preincu-
bated with 20 ng of IL-10 per ml for 1 h at 37°C. IL-10 was also present during
the 8-h stimulation period.

After 2 h, monocytes migrated to the same extent across all endothelial
monolayers regardless of treatment. Therefore, in experiments where monocytes
were allowed to migrate for 2 h, activation of HUVEC was confirmed by includ-
ing separate groups in which migration of monocytes was also assessed after only
20 min.

Monocyte exiting assay. Exiting of monocytes from HUVEC-amnion cultures
was determined essentially as previously described (37). In brief, HUVEC cul-
tures were incubated for 8 h at 37°C with control media or various spirochete
preparations. In some cases, spirochetes were then opsonized by incubating
HUVEC cultures for 1 h at 37°C with high-titer anti-B. burgdorferi human serum
diluted 1:2 in M199 (provided by Marc Golightly, State University of New York
at Stony Brook). Cultures were then washed, and monocytes were added for 2 h
to allow for maximal migration. Cultures were washed extensively to remove
nonadherent monocytes and again incubated at 37°C for up to 96 h. The number
of monocytes associated with each culture was then assessed as described above.

Statistics. Data from all experimental groups were subjected to an unpaired
analysis of variance with the Tukey-Kramer multiple-comparison test. For direct
comparisons, the means * standard deviations (SD) of experimental groups
were subjected to either unpaired Student ¢ tests or alternate Welch ¢ tests to
determine a two-tailed P value. P of <0.05 was used as the alpha value to
determine statistical significance for all analyses. All stated inhibitions due to
intervention with MAbs or IL-10 are statistically significant unless noted other-
wise.

RESULTS

Monocytes migrate at an increased rate across endothelium
stimulated with B. burgdorferi. Approximately 40% of added
human monocytes adhere to and migrate across unstimulated
endothelial monolayers grown on amniotic connective tissue
(31). Time course experiments were performed to determine if
pretreatment of endothelial monolayers with B. burgdorferi
spirochetes affected the rate or extent of association of mono-
cytes. In these experiments, monocytes were added to HU-
VEC-amnion cultures that had been preincubated with control
medium, IL-1, or B. burgdorferi for 8 h, a time that permits
maximum stimulation of the transendothelial migration of
neutrophils by spirochetes (41). At 20 min or 1 h following
their addition, more monocytes adhered to and migrated
across HUVEC cultures that had been stimulated with IL-1 or
B. burgdorferi compared to unstimulated endothelial monolay-
ers (Fig. 1). In contrast, pretreatment of HUVEC with a sham
preparation lacking spirochetes increased neither adhesion nor
migration. After 2 h, similar numbers of monocytes migrated
across unstimulated HUVEC or HUVEC treated with IL-1 or
B. burgdorferi (Fig. 1). Therefore, addition of B. burgdorferi to
HUVEC resulted in an increase in the rate, but not the extent,
of migration of monocytes.

The association of monocytes with B. burgdorferi-stimulated
HUVEC after 20 min of incubation was examined in 17 sep-
arate experiments. In all experiments, pretreatment with B.
burgdorferi significantly increased the number of monocytes
that migrated, whereas pretreatment with sham preparations
was without effect. Migration across B. burgdorferi-stimulated
HUVEC after 20 min was directly compared to migration
across IL-1-stimulated HUVEC in 10 experiments. In six of
these experiments, significantly more monocytes migrated
across the B. burgdorferi-stimulated monolayers, whereas no
difference was seen in the remaining four experiments. Mono-
cytes did not migrate at an increased rate across HUVEC that
had been pretreated with B. burgdorferi for only 4 h. When
HUVEC were exposed to B. burgdorferi for 24 h, monocytes
migrated at the same rate as they did across HUVEC that had
been stimulated for 8 h (data not shown).
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FIG. 1. Time course of the migration of monocytes across HUVEC stimu-
lated with B. burgdorferi or IL-1. Monocytes were incubated for indicated times
with HUVEC-amnion cultures that had been pretreated for 8 h with either
control medium (Unstim), a sham preparation, 5 U of IL-1 per ml, or B.
burgdorferi (Bb) at a ratio of 10 Bb/EC. Transendothelial migration was assessed
as described in Materials and Methods. The total height of each bar represents
the number of monocytes associated with each culture as a percentage of the
total number added. The lower (patterned) portion of each bar represents the
percentage that migrated beneath the endothelium; the upper (unfilled) portion
represents the percentage adherent to the apical surface. Bars represent the
means * SD of three to four replicate samples. This experiment was repeated
twice with similar results.

Immunofluorescence analysis indicated that even after ex-
tensive washing, up to 1% of the B. burgdorferi HBD1 spiro-
chetes used in these experiments remained bound to HUVEC
monolayers. Therefore, some spirochetes were still present
during periods of monocyte migration. To establish whether
spirochetes could directly activate monocytes and cause them
to undergo transendothelial migration at an increased rate,
monocytes were added together with B. burgdorferi (at a ratio
of 10 Bb/EC) to previously unstimulated HUVEC cultures for
20 min. Monocytes coincubated with B. burgdorferi migrated
across unstimulated HUVEC monolayers to the same extent as
did control monocytes. By contrast, in the same experiment,
monocytes migrated at an increased rate across HUVEC that
had been preincubated for 8 h with B. burgdorferi (data not
shown). B. burgdorferi thus exerts its effects on migration of
monocytes through activation of HUVEC, rather than the leu-
kocytes themselves.

B. burgdorferi does not affect the rate at which monocytes
exit from endothelial-amnion cultures. Many of the monocytes
that cross HUVEC monolayers and enter the underlying am-
niotic tissue later exit the cultures by traversing the monolayers
in the basal to apical direction. Pretreatment of endothelium
with IL-1 increases the rate of this reverse transendothelial
migration (37). To investigate whether B. burgdorferi affects the
kinetics with which monocytes exit, experiments were per-
formed in which HUVEC-amnion cultures were left untreated
or were treated for 8 h with spirochetes. Monocytes were then
added for 2 h to allow maximum numbers to migrate (31).
Cultures were washed extensively to remove nonadherent
monocytes and incubated with control medium for up to 96 h.
Tissues were then analyzed to determine the extent of loss of
monocytes. In four separate experiments, monocytes exited
from cultures that had been stimulated with B. burgdorferi
HBDI1 at the same rate as they did from unstimulated cultures
(data not shown). Immunofluorescence analysis showed that
HBD1 spirochetes bound to HUVEC at low levels and did not
migrate into the underlying amniotic tissue. In contrast, when
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FIG. 2. B. burgdorferi does not affect the rate at which monocytes exit from
HUVEC-amnion cultures. HUVEC-amnion cultures were either left unstimu-
lated or pretreated for 8 h with B. burgdorferi N40 at a ratio of 100 Bb/EC.
Monocytes were then added to the cultures for 2 h. Cultures were washed and
either fixed immediately or incubated for an additional 22 or 96 h. The number
of monocytes remaining in the amniotic tissue was then determined as described
in Materials and Methods. Data are presented as the percentage of monocytes
that remained in the amniotic tissue relative to the number that had migrated
after 2 h. Bars represent the means * SD of four to five replicate samples. This
experiment was repeated twice with similar results.

cultures were incubated with B. burgdorferi N40 for 8 h at a
ratio of 100 Bb/EC, at least 1 Bb/EC migrated beneath the
HUVEC monolayers. However, the presence of N40 spiro-
chetes within the amniotic tissue did not lead to increased
retention of the monocytes (Fig. 2), even when the spirochetes
were first opsonized with antibody (data not shown).

B. burgdorferi-stimulated transendothelial migration of
monocytes is dependent on VLA-4 and CD11/CD18 integrins.
Monocytes use both CD11/CD18 and VLA-4 integrins to mi-
grate across unstimulated or IL-1-stimulated HUVEC mono-
layers (11, 31). To ascertain whether monocytes employ these
same adhesion molecules to cross B. burgdorferi-stimulated
endothelial monolayers, HUVEC were left unstimulated or
were pretreated with IL-1 or B. burgdorferi. Monocytes were
then added to the cultures in the presence of no antibody, a
control MAb, or anti-CD18 and anti-VLA-4 MAbs (used alone
or in combination). As expected, when added for 20 min, more
monocytes adhered to and migrated across both IL-1- and B.
burgdorferi-stimulated HUVEC monolayers compared to un-
stimulated or sham-treated monolayers (Fig. 3A). MAb to
VLA-4 alone had little effect on this migration, whereas MADb
to CD18 partially inhibited migration across both IL-1-stimu-
lated and B. burgdorferi-stimulated HUVEC (51 and 35%, re-
spectively). When both VLA-4 and CD18 were blocked, more
complete inhibition was observed: migration across IL-1- or B.
burgdorferi-stimulated monolayers was decreased by 69 or
79%, respectively, in the experiment shown in Fig. 3A and by
88 or 89% in a replicate experiment. An isotype-matched con-
trol MAD had no effect.

When monocytes were added for 2 h to allow maximal mi-
gration, MADs to either CD18 or VLA-4 alone did not signif-
icantly inhibit migration across unstimulated or stimulated
HUVEC monolayers (Fig. 3B). In contrast, when both adhe-
sion molecules were blocked, migration across unstimulated,
IL-1-treated, or B. burgdorferi-stimulated monolayers was re-
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FIG. 3. VLA-4 and CD11/CD18 integrins mediate the migration of mono-
cytes across endothelium stimulated with B. burgdorferi or IL-1. Monocytes were
suspended in medium containing either no addition, 50 pg of isotype-matched
control MAb (MOPC-21) per ml, 10 pg of HP1/2 (anti-VLA-4) per ml, 40 pg of
TS1/18 (anti-CD18) per ml, or 10 pg of HP1/2 plus 40 pg of TS1/18 per ml. The
monocytes were then incubated for 20 min (A) or 2 h (B) with HUVEC that were
either unstimulated or pretreated with a sham preparation (S), 5 U of IL-1 per
ml, or B. burgdorferi at a ratio of 10 Bb/EC. The legend to panel A also applies
to panel B. Transendothelial migration was assessed as described in Materials
and Methods. The total height of each bar represents the number of monocytes
associated with each culture as a percentage of the total number added. The
lower (patterned) portion of each bar represents the percentage that migrated
beneath the endothelium; the upper (unfilled) portion represents the percentage
adherent to the apical surface. Bars represent the means + SD of three to four
replicate samples.

B. burgdorferi

duced by 75, 46, or 65%, respectively, in the experiment shown
and by 80, 37, or 62%, respectively, in a replicate experiment.

Endothelial cells secrete increased amounts of MCP-1 in
response to B. burgdorferi. Unstimulated endothelium secreted
only low levels of MCP-1, but production was markedly en-
hanced by either IL-1 or B. burgdorferi (Fig. 4). IL-1 was a
stronger stimulus than were spirochetes. At all time points
tested, HUVEC treated with IL-1 produced significantly more
MCP-1 than did unstimulated cultures. In contrast, secretion
in response to 10 or 100 Bb/EC was significantly above that of
unstimulated HUVEC only after 8 h of coculture. The
amounts of MCP-1 in conditioned media collected from
HUVEUC that had been incubated for 8 h with control medium,
IL-1, or B. burgdorferi were measured in eight separate exper-
iments, with variable results. Secretion of MCP-1 by unstimu-
lated HUVEC ranged from 3 to 35 ng per 10° EC and averaged
11 ng per 10° EC. Stimulation with IL-1 increased production
of MCP-1 11-fold = 3.8-fold, averaging 90 ng per 10° EC and
ranging from 42 to 178 ng per 10° EC. Coculture with 10
Bb/EC resulted in a 3.7-fold * 1.8-fold increase, averaging 38
ng per 10° EC and ranging from 6 to 96 ng per 10° EC.
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FIG. 4. Time- and dose-dependent production of MCP-1 by HUVEC in
response to B. burgdorferi or IL-1. Conditioned media were collected from
HUVEC incubated with medium alone (Unstim), sham preparations, 5 U of IL-1
per ml, or B. burgdorferi at a ratio of 1, 10 or 100 Bb/EC for the indicated times.
Amounts of MCP-1 were measured by ELISA. Datum points represent the
means * SD of three replicate samples. This experiment was repeated once with
similar results.

HUVEC incubated with a sham preparation lacking spiro-
chetes did not secrete any more MCP-1 than did unstimulated
endothelium.

MCP-1 plays a limited role in the migration of monocytes
across endothelium exposed to B. burgdorferi. The migration of
monocytes across unstimulated HUVEC is nearly completely
dependent on MCP-1, whereas IL-1-stimulated migration only
partially depends on this cytokine (36). The role of MCP-1 in
B. burgdorferi-stimulated migration was investigated by incu-
bating HUVEC with control medium, IL-1, or B. burgdorferi
for 8 h in the presence of no antibody, an isotype-matched
control MADb, or a neutralizing MAb against MCP-1. Mono-
cytes were then added to the cultures for 2 h, either alone or
with the appropriate MAb. With no antibody or control MADb,
monocytes migrated to the same extent across all HUVEC
cultures, regardless of the stimulus. When the anti-MCP-1
MADb was added, migration across unstimulated HUVEC was
inhibited by 93% *+ 3%, whereas migration across IL-1-treated
HUVEC was decreased by 64% * 9%. In contrast, migration
across B. burgdorferi-stimulated monolayers was inhibited by
only 21% = 13%, an amount that was not statistically signifi-
cant (Fig. 5). Similar results were also obtained when a differ-
ent neutralizing anti-MCP-1 MAb was used. In three separate
experiments, anti-MCP-1 MADbs inhibited migration across
HUVEC cultures that were left unstimulated or were stimu-
lated with IL-1 or B. burgdorferi by averages of 91% = 3%,
65% * 2%, and 25% * 22%, respectively (Table 1). Migration
across B. burgdorferi-stimulated monolayers was decreased sig-
nificantly in only one experiment. In all experiments, migration
across IL-1-stimulated HUVEC was inhibited by the MAbs to
MCP-1 to a greater extent than was migration across HUVEC
exposed to B. burgdorferi. Therefore, MCP-1 contributed less
to migration of monocytes across B. burgdorferi-stimulated
HUVEC compared to HUVEC that were unstimulated or
treated with IL-1.

We confirmed that we were using saturating amounts of
MADb to MCP-1 by two methods. First, increasing the concen-
tration of MAb resulted in no further inhibition of migration
(data not shown). Second, when culture media were collected
after experiments, no MCP-1 could be detected in samples that
contained the anti-MCP-1 MAb by a commercial MCP-1
ELISA which used, as one of the detection antibodies, the
same MAD included in the transmigration experiments. The
ability of the neutralizing MAb to mask detection of MCP-1 by
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FIG. 5. MCP-1 is not the major chemoattractant mediating the migration of
monocytes across B. burgdorferi-stimulated HUVEC. HUVEC cultures, elevated
on silicone supports, were incubated for 8 h with either control medium (Un-
stim), 5 U of IL-1 per ml, or B. burgdorferi at a ratio of 10 Bb/EC in the presence
of no MAD, 20 pg of control MAb (MOPC-21) per ml, or 20 pg of neutralizing
anti-MCP-1 MAD per ml. Subsequently added monocytes, resuspended in fresh
media containing the same MAbs, were incubated with the cultures for 2 h, and
transendothelial migration was assessed as described in Materials and Methods.
The total height of each bar represents the number of monocytes associated with
each culture as a percentage of the total number added. The lower portion of
each bar represents the percentage that migrated beneath the endothelium; the
upper portion represents the percentage adherent to the apical surface. Bars
represent the means = SD of three replicate samples.

ELISA indicates that the MAb had indeed bound all available
MCP-1.

These transmigration experiments indicated that a factor(s)
other than MCP-1 plays a role in the migration of monocytes
across both IL-1- and B. burgdorferi-stimulated HUVEC. Com-
pared to unconditioned medium, conditioned media collected
from IL-1-treated or B. burgdorferi-stimulated HUVEC pro-
moted the migration of monocytes into cellulose nitrate filters
in Boyden chamber assays. When a neutralizing anti-MCP-1
MADb was added, this stimulation of migration was completely
blocked (Fig. 6). In a replicate experiment, the anti-MCP-1
MAD blocked the chemotaxis of monocytes in response to the
same B. burgdorferi-HUVEC conditioned medium by 72%,
whereas an isotype-matched control MAb (MOPC-21) had no
effect. Thus, despite its limited role in migration of monocytes
across HUVEC exposed to B. burgdorferi, MCP-1 is the major

TABLE 1. Effect of MAb to MCP-1 on migration of monocytes
across HUVEC stimulated with IL-1 or B. burgdorferi

% Inhibition by

Expt Stimulus anti-MCP-1¢ P value

1 None 88 £5 0.0095
IL-1 63 £ 16 0.0073
B. burgdorferi 5+15 NS?

2 None 933 <0.0001
IL-1 64 £9 0.004
B. burgdorferi 21 £13 NS

3 None 92 +2 <0.0001
IL-1 67*6 0.0004
B. burgdorferi 49 =8 0.0043

“Mean * SD of three replicate samples.
NS, not significant.
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FIG. 6. MCP-1 is the major soluble chemoattractant for monocytes produced
by HUVEC in response to both IL-1 and B. burgdorferi. Conditioned media were
collected from HUVEC incubated with either 5 U of IL-1 per ml (IL-1/EC-CM)
or B. burgdorferi at a ratio of 10 Bb/EC (Bb/EC-CM) for 24 h. IL-1/EC-CM and
Bb/EC-CM were diluted 1:10 in M199 and were either left untreated (No MAb)
or incubated with 10 wg of neutralizing anti-MCP-1 MAb per ml. Conditioned
media or control medium (No Stim) were tested for chemotactic activity toward
monocytes in Boyden chambers. Bars represent the means = SD of three rep-
licate samples.

soluble chemoattractant for monocytes produced by endothe-
lium in response to spirochetes.

B. burgdorferi promotes the transendothelial migration of
CD4* T lymphocytes in an MCP-1-dependent manner. To
investigate whether B. burgdorferi promotes the transendothe-
lial migration of CD4™ T cells, HUVEC were either left un-
stimulated or stimulated with IL-1 or B. burgdorferi for 8§ h.
Human peripheral blood CD4™ T cells were then added to the
cultures for 2 h. Less than 1% of the CD4" T cells migrated
across unstimulated endothelium, whereas 10-fold more mi-
grated across HUVEC treated with B. burgdorferi. Although
more T cells adhered to IL-1-stimulated HUVEC, the num-
bers of cells that migrated across B. burgdorferi- and IL-1-
stimulated endothelium did not differ significantly (Fig. 7A). In
four experiments, treatment of HUVEC with B. burgdorferi
resulted in a 6-fold = 2-fold increase in the migration of CD4*
T cells. In contrast, coincubation of CD4" T cells with B.
burgdorferi during migration did not significantly increase their
ability to penetrate unstimulated HUVEC monolayers (data
not shown). MAb to MCP-1 inhibited migration of the T cells
in response to B. burgdorferi by 68%, whereas a control MAb
had no effect (Fig. 7B). A similar level of inhibition was ob-
tained in a replicate experiment in which a different neutral-
izing MAb against MCP-1 was used. B. burgdorferi-induced
migration of CD4% T cells is thus largely dependent on
MCP-1.

IL-10 inhibits the migration of monocytes across endothe-
lium stimulated with B. burgdorferi but not with IL-1. In mice,
T helper (Th) type 2 (Th2) cells and their associated cytokines,
which include IL-4 and IL-10, provide protection from the
symptoms of Lyme disease (23, 24, 30). Human recombinant
IL-4 was toxic to HUVEC at concentrations as low as 0.2 ng/ml
and therefore was not tested further. Human recombinant
IL-10 had no adverse effects on HUVEC or on the growth or
motility of spirochetes (data not shown). To determine if IL-10
affected the transendothelial migration of monocytes, HUVEC
were incubated with control medium, IL-1, or B. burgdorferi for
8 h in the presence or absence of 20 ng of IL-10 per ml.
Monocytes were then added to the cultures for 20 min. IL-10
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FIG. 7. CD4" T cells migrate across B. burgdorferi-stimulated HUVEC in an
MCP-1-dependent manner. CD4" T cells were incubated for 2 h with HUVEC-
amnion cultures that had been pretreated with either control medium (Unstim),
5 U of IL-1 per ml, or B. burgdorferi at a ratio of 10 Bb/EC (A). CD4™ T cells
were incubated for 2 h with HUVEC-amnion cultures that had been pretreated
with either control medium (Unstim) or B. burgdorferi at a ratio of 10 Bb/EC in
the presence of no MAD, an isotype-matched control MAb (MOPC-21), or 20 p.g
of neutralizing anti-MCP-1 MAb per ml (B). Transendothelial migration was
assessed as described in Materials and Methods. The total height of each bar
represents the number of T cells associated with each culture as a percentage of
the total number added. The lower portion of each bar represents the percentage
that migrated beneath the endothelium; the upper portion represents the per-
centage adherent to the apical surface. Bars represent the means + SD of four
to five replicate samples.

did not inhibit migration of monocytes across unstimulated
HUVEC or HUVEC treated with IL-1. In contrast, IL-10
decreased the number of monocytes that migrated (above the
basal, unstimulated level) across HUVEC stimulated with B.
burgdorferi by 38% (Fig. 8; P = 0.0007). In three additional
experiments, IL-10 reduced B. burgdorferi-induced migration
of monocytes by 62% (P = 0.0008), 63% (P = 0.0004), and
51% (P < 0.0001), for an average of 54% = 12%. In a dose-
response experiment, IL-10 at concentrations of 20, 2, or 0.2
ng/ml suppressed B. burgdorferi-stimulated migration by 51, 49,
or 28%, respectively. Pretreatment of monocytes with 20 ng of
IL-10 per ml for 1 h had no effect on their migration across
either unstimulated, IL-1-treated, or B. burgdorferi-stimulated
endothelial monolayers (data not shown). IL-10 therefore
modulates B. burgdorferi-stimulated migration by acting not on
monocytes but on the endothelium.

In two separate experiments, IL-10 did not lessen the
amount of MCP-1 produced by unstimulated or IL-1-stimu-
lated HUVEC. In contrast, in three experiments, IL-10 at 20
ng/ml decreased B. burgdorferi-stimulated production of
MCP-1 by 55% = 11%. A similar level of inhibition occurred
when 10-fold-less IL-10 was used. A representative experiment
is shown in Table 2. The effects of IL-10 on both migration of
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FIG. 8. IL-10 inhibits the migration of monocytes across HUVEC stimulated
by B. burgdorferi but not IL-1. Monocytes were added for 20 min to HUVEC-
amnion cultures that had been pretreated for 8 h with control medium (Unstim),
5 U of IL-1 per ml, or B. burgdorferi at a ratio of 10 Bb/EC in the absence (No
Addn) or presence of 20 ng of IL-10 per ml. Transendothelial migration was
assessed as described in Materials and Methods. The total height of each bar
represents the number of monocytes associated with each culture as a percentage
of the total added. The lower portion of each bar represents the percentage that
migrated beneath the endothelium; the upper portion represents the percentage
adherent to the apical surface. Bars represent the means = SD of three to five
replicate samples. This experiment yielded similar results when repeated once
using both IL-1- and B. burgdorferi-stimulated samples and three additional times
with B. burgdorferi-treated samples only.

monocytes and secretion of MCP-1 indicate that this cytokine
inhibits activation of HUVEC by B. burgdorferi but not by IL-1.

DISCUSSION

Previously, it has been shown that peripheral blood mono-
cytes adhere to and migrate across unstimulated HUVEC
monolayers grown on amniotic tissue (31). In this study, we
found that treatment of HUVEC monolayers with B. burgdor-
feri increased the rate of transmigration of monocytes, whereas
the number of monocytes that eventually migrated was not
affected. Stimulation of HUVEC with B. burgdorferi also in-
creased the number of CD4* T lymphocytes that migrated. B.
burgdorferi was as strong a stimulus as IL-1 in terms of pro-
moting the transendothelial migration of both monocytes and
CD4" T cells. Since exposure of leukocytes to spirochetes
during migration was without effect, increases in migration
were due to the actions of B. burgdorferi on endothelium.
Significant extravascular accumulation of leukocytes, including
monocytes/macrophages and lymphocytes, occurs in the early
erythema migrans rash, neurologic lesions, and late skin le-
sions that can be associated with Lyme disease (15). Mono-

TABLE 2. Effect of IL-10 on production of MCP-1 by HUVEC

MCP-1 produced (ng/10° EC)

Stimulus®
No IL-10 +IL-10 (2 ng/ml) +IL-10 (20 ng/ml)
None 95+1.2 ND? 12.6 = 0.7¢
IL-1 (0.1 U/ml) 529 +6.3 ND 593+ 1.8
IL-1 (5 U/ml) 100.9 = 6.2 ND 101.8 = 1.4
B. burgdorferi 327+x1.2 23.8 = 3.1¢ 22.7 = 0.7¢

“ HUVEC were incubated with IL-1 or B. burgdorferi at a ratio of 10 Bb/EC for
8 h with or without addition of IL-10. MCP-1 was measured by ELISA.

2 ND, not determined.

¢ Significantly greater than without IL-10; P = 0.02.

438% inhibition of B. burgdorferi-stimulated increase; P < 0.01.

¢ 43% inhibition of B. burgdorferi-stimulated increase; P < 0.0003.
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cytes/macrophages and T lymphocytes, the majority of which
are CD4™, are also found in the synovial lesions of patients
with Lyme arthritis (44). Our data suggest that in vivo, activa-
tion of vascular endothelial cells by B. burgdorferi may contrib-
ute to the formation of the chronic inflammatory infiltrates
associated with Lyme disease.

Accumulation of monocytes/macrophages at sites of inflam-
mation may result from both increased recruitment from the
circulation and decreased clearance from the extravascular
tissues. In vitro, preincubation of HUVEC monolayers with B.
burgdorferi for either 8 h or 24 h similarly enhanced the rate at
which monocytes transmigrated. In contrast, maximal numbers
of neutrophils migrate when HUVEC are pretreated with spi-
rochetes for 8 h; very little migration occurs when cultures are
exposed for 24 h (41). The ability of HUVEC pretreated with
B. burgdorferi for 24 h to support maximal migration of mono-
cytes is consistent with the idea that spirochetes may cause
sustained recruitment of these leukocytes in vivo. We also used
our HUVEC-amnion culture system to examine whether B.
burgdorferi might decrease the rate at which extravasated
monocytes/macrophages are cleared from sites of infection. In
the HUVEC-amnion system, many monocytes that initially
traverse the endothelium in the apical to basal direction later
exit the cultures by crossing the monolayer again via the op-
posite route (37). This observation led to the hypothesis that
such reverse migration might contribute to clearance of mac-
rophages from chronic inflammatory lesions in vivo (37), an
idea that has yet to be tested experimentally. Nonetheless, we
reasoned that spirochetes might provide a proinflammatory
signal that would increase retention of monocytes in HUVEC-
amnion cultures. However, monocytes exited from unstimu-
lated or spirochete-treated cultures with similar kinetics. Al-
though the physiologic relevance of this result is not known, it
is clear that neither spirochetes themselves nor endothelial
factors induced by B. burgdorferi influence the rate at which
monocytes leave the extravascular compartment of our vessel
wall constructs.

Monocytes use two adhesion molecule pathways during mi-
gration across unstimulated or IL-1-treated cultured endothe-
lial monolayers. CD11/CD18 integrins on monocytes interact-
ing with ICAM-1 and other ligands on endothelial cells
constitute one path, whereas VLA-4 on monocytes interacting
with VCAM-1 and fibronectin on endothelial cells constitute
the other. These are alternative pathways, since migration is
not substantially inhibited unless both are blocked (11, 31, 32).
Using MADbs to CD11/CD18 and VLA-4, we determined that
the migration of monocytes across B. burgdorferi-stimulated
HUVEC monolayers was also mediated by these integrins.
When both CDI11/CD18 and VLA-4 were blocked, the
amounts of residual migration of monocytes across IL-1- and
B. burgdorferi-stimulated monolayers were similar (Fig. 3). This
result suggests that monocytes do not employ unique adhesion
molecule pathways to cross endothelial monolayers activated
by B. burgdorferi.

Although our results suggest that monocytes use the same
adhesion molecules to cross both B. burgdorferi- and IL-1-
stimulated endothelial monolayers, the utilization of chemoat-
tractants is different. Whereas the movement of monocytes
across unstimulated and IL-1-stimulated endothelial cell
monolayers is mediated, in large part, by the chemokine
MCP-1 (36), we found that their movement across HUVEC
stimulated with B. burgdorferi was not. Neutralizing MAbs di-
rected against MCP-1 inhibited migration across unstimulated
and IL-1-treated HUVEC by averages of 91 and 65%, respec-
tively, verifying the efficacy of the antibodies. In contrast, these
MADbs decreased migration across B. burgdorferi-stimulated
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HUVEC by an average of only 25%. The limited role of
MCP-1 in the migration of monocytes across HUVEC treated
with spirochetes indicates that compared to IL-1, B. burgdorferi
more strongly induces an additional chemoattractant for
monocytes. However, MCP-1 was the major soluble chemoat-
tractant for monocytes made by endothelium exposed to spi-
rochetes. Therefore, the additional chemotactic factor (or fac-
tors) for monocytes produced by endothelial cells in response
to B. burgdorferi and, to a lesser extent, IL-1 is likely immobi-
lized on the HUVEC-amnion cultures. In contrast to mono-
cytes, CD4™ T lymphocytes largely employed MCP-1 to cross
B. burgdorferi-stimulated HUVEC. Thus, the bound factor pro-
duced by endothelium in response to spirochetes is probably
not a strong attractant for CD4* T cells. The identity of this
factor is unknown. It may be a chemokine bound to the surface
of endothelial cells through interactions with glycosaminogly-
cans (49), or perhaps a transmembrane protein accounts for
the activity. One possible candidate is the chemokine fractal-
kine, which is chemotactic for monocytes but not CD4" T
lymphocytes (22). In a murine model of rheumatoid arthritis,
treatment with an antagonist of MCP-1 suppresses both swell-
ing of joints and infiltration of mononuclear cells (20), suggest-
ing that inhibitors of MCP-1 could be used as therapeutic
agents to control inflammation in humans. Despite the simi-
larity of synovial lesions associated with Lyme arthritis and
rheumatoid arthritis (44), the fact that MCP-1 played only a
minor role in the migration of monocytes across B. burgdorferi-
stimulated endothelium raises the question of whether such an
approach would be effective in the treatment of inflammation
associated with Lyme disease.

Studies using mice have provided insight into cytokines that
may regulate host responses to B. burgdorferi. When murine Th
cells become activated, they can be subtyped as Th2 cells,
which produce IL-4, IL-5, and IL-10, or Th1 cells, which se-
crete gamma interferon (IFN-y) and IL-2. Cytokines produced
by each type of Th cell inhibit the development and functions
of the other type (34). When infected with B. burgdorferi, mice
that produce primarily Th2 cytokines are relatively resistant to
the symptoms of Lyme disease, whereas mice that display a
predominately Thl response are susceptible (24, 30). When
the development of a Th2-type profile is favored by treating
mice with either anti-IFN-y antibodies (24, 30) or recombinant
IL-4 (23), the symptoms of Lyme disease are reduced. Even
when mice lack B cells, recombinant IL-4 reduces the severity
of their symptoms (23), indicating that Th2 cytokines confer
resistance to the symptoms of Lyme disease, at least in part,
through a mechanism that does not depend on production of
antibodies.

It may be, then, that IL-4, IL-5, and IL-10 suppress inflam-
matory activation of various host cells by B. burgdorferi. There
is ample evidence that IL-10 acts in such an anti-inflammatory
manner (14). In mice, for example, IL-10 prevents lethal shock
induced by LPS or staphylococcal enterotoxin B (14). In vitro,
IL-10 inhibits the production of many proinflammatory cyto-
kines and chemokines, including MCP-1, by activated mono-
cytes (14, 51). IL-10 also reduces binding of a human mono-
cytic cell line and a lymphoblastic T-cell line to HUVEC
stimulated by IL-1 (25), adhesion of monocytes to explanted
human saphenous veins (45), and migration of peripheral
blood mononuclear cells across HUVEC activated with LPS
(28). The effect of IL-10 on production of the CXC chemokine
IL-8 by endothelial cells is controversial. In one report, secre-
tion of IL-8 by HUVEC stimulated with LPS was increased
threefold by IL-10 (13), whereas a 33% decrease was observed
by others (10). In this study, we observed that IL-10 reduced
migration of monocytes across B. burgdorferi-stimulated
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HUVEC by an average of 54%. Similarly, IL-10 inhibited en-
dothelial production of MCP-1 in response to spirochetes by
55%. Since migration of monocytes across B. burgdorferi-stim-
ulated HUVEC occurs independently of MCP-1, the inhibitory
effect of IL-10 is likely due to repression of a proinflammatory
factor other than MCP-1. However, reduced production of
MCP-1 may hamper B. burgdorferi-stimulated migration of
other types of leukocytes. Yin et al. have shown that IL-10 also
decreases production of IFN-y and TNF-a by B. burgdorferi-
stimulated mononuclear cells isolated from synovial fluids of
patients with Lyme arthritis (52). In combination with our
results, this finding suggests that in vivo, IL-10 may provide
protection from the symptoms of Lyme disease by inhibiting B.
burgdorferi-induced proinflammatory activation of both endo-
thelium and other cell types, as well.

Although IL-10 suppressed both migration of monocytes
and production of MCP-1 in response to B. burgdorferi, neither
parameter was affected when IL-1 was used as a stimulus. This
selective inhibition may be due to induction of receptors for
IL-10 on HUVEC by B. burgdorferi but not IL-1. Only B.
burgdorferi-stimulated endothelium would then be susceptible
to the anti-inflammatory actions of IL-10. Such an induced
expression of IL-10 receptors has been observed in murine
fibroblasts treated with LPS (48). It is also possible that IL-1
and B. burgdorferi use distinct intracellular signaling cascades
to activate transcription of proinflammatory genes. For exam-
ple, expression of genes in response to B. burgdorferi, but not
IL-1, may be dependent on a transcription factor whose acti-
vation is blocked by IL-10. Another possibility is that B. burg-
dorferi and IL-1 employ different mechanisms to activate the
same transcription factors. In endothelial cells, one transcrip-
tion factor known to be activated by both B. burgdorferi (16, 50)
and IL-1 (29) is nuclear factor kB (NF-«kB), which is involved
in inducible transcription of many proinflammatory genes, in-
cluding that encoding MCP-1 (4, 29). In monocytes, IL-10
reduces activation of NF-«B in response to LPS (47). During
IgG immune complex-induced lung injury in mice, inhibition of
activation of NF-kB by IL-10 correlates with lack of degrada-
tion of the inhibitor protein IkB (27). In endothelial cells, then,
B. burgdorferi and IL-1 perhaps use different pathways to in-
activate IkB, one that can be inhibited by IL-10 and one that
cannot.

B. burgdorferi induces production of both CXC and CC che-
mokines, including MCP-1, in human peripheral blood mono-
cytes (42). This finding suggests that in vivo, chemokines pro-
duced by stimulated macrophages may attract additional
leukocytes to sites that are infected with B. burgdorferi. How-
ever, our results indicate that endothelial cells exposed to B.
burgdorferi also produce chemotactic factors for monocytes,
including a surface-bound attractant. Due to their close prox-
imity to the bloodstream, chemoattractants bound to endothe-
lial cells or their underlying matrix are likely to play a partic-
ularly important role in recruitment of circulating leukocytes in
vivo (33). Stimulation of HUVEC with either IL-1 or B. burg-
dorferi caused monocytes to migrate across endothelial mono-
layers at an increased rate. However, the movement of mono-
cytes across HUVEC treated with spirochetes, but not IL-1,
occurred independently of MCP-1. This differential utilization
of MCP-1 suggests that compared to IL-1, B. burgdorferi more
strongly induces the expression of an additional chemotactic
factor(s). Furthermore, the migration of monocytes across en-
dothelial monolayers stimulated with spirochetes, but not IL-1,
is inhibited by IL-10. Therefore, although both B. burgdorferi
and IL-1 activate endothelial cells in a proinflammatory man-
ner, it is clear from our results that they do so through distinct
mechanisms.
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