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Lyme disease, caused by Borrelia burgdorferi, is characterized by the accumulation of lymphocytes and
monocytes in the affected tissue. Endothelial cells line the blood vessel walls and control the trafficking of
inflammatory leukocytes from the blood into the surrounding tissues. A model of the blood vessel wall,
consisting of human umbilical vein endothelial cells (HUVEC) grown on amniotic connective tissue, was
utilized to examine the effects of B. burgdorferi on the transendothelial migration of T lymphocytes. Maximal
migration occurred when the HUVEC-amnion cultures were preincubated with B. burgdorferi for 24 h and T
lymphocytes were added for an additional 4 h, yielding a two- to fourfold increase compared to migration across
unstimulated cultures. The number of T lymphocytes that migrated was proportional to the number added. The
anti-inflammatory cytokine interleukin 10 (IL-10), added during activation of the HUVEC, significantly
diminished (by an average of 70% = 21%) the migration of T lymphocytes across endothelium stimulated for
8 or 24 h with B. burgdorferi, but not IL-1. Compared to the initially added population of T lymphocytes, the
population that migrated across untreated endothelium or HUVEC activated with B. burgdorferi or 1L-1
contained a significantly smaller percentage of CD45RA*RO™ (naive) cells and a greater proportion of
CD45RA*RO™ cells. The migratory population was also enriched for CD8* T lymphocytes when the endo-
thelium was incubated with either control medium or B. burgdorferi, but not IL-1. B. burgdorferi thus activates
endothelium in a manner that promotes the transmigration of T lymphocytes, and IL-10 inhibits this activa-
tion. These data further suggest that endothelium plays an active role in promoting the recruitment of specific

subpopulations of T lymphocytes.

Lyme disease is a chronic inflammatory illness that is caused
by the spirochetal bacterium Borrelia burgdorferi. B. burgdorferi
is introduced into the skin of its mammalian host by the bite of
an infected Ixodes tick. The infection spreads locally, often
resulting in an expanding rash called erythema migrans, which
is characterized by infiltration of lymphocytes, plasma cells,
and mast cells (12). The bacteria then hematogenously dissem-
inate to secondary sites such as the nervous system, heart,
muscles, joints, and distant cutaneous tissues. Histologically,
these secondary sites exhibit an accumulation of inflammatory
leukocytes, including lymphocytes, macrophages, plasma cells,
and polymorphonuclear leukocytes (32). The majority of the T
lymphocytes isolated from the synovial lesions of patients with
Lyme arthritis are of the CD4" phenotype (28, 33). However,
CD8" T lymphocytes are also present in these lesions (28).

Specific subsets of T lymphocytes may be important in con-
trolling the outcome of infection with B. burgdorferi. In a mu-
rine model of Lyme disease, depletion of the CD4™ T lympho-
cytic subset in both disease-susceptible C3H/HeN mice and
resistant BALB/c mice increases both severity of arthritis and
spirochetal burden (18). In contrast, elimination of the CD8™
subset in the susceptible mice results in less severe arthritis and
reduced numbers of spirochetes. The lymphokines secreted by
specific subpopulations of T lymphocytes may also serve es-
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sential functions in controlling the pathogenesis of Lyme dis-
ease (5, 16, 17). For instance, the lymphokine interleukin 10
(IL-10) diminishes the production of gamma interferon
(IFN-v) by T lymphocytes that are isolated from patients with
Lyme arthritis and stimulated with B. burgdorferi in vitro (37).
Moreover, IL-10-deficient mice develop more severe arthritis
than their wild-type counterparts when infected with B. burg-
dorferi (6).

The endothelial lining of the blood vessel wall is the first
barrier encountered by circulating T lymphocytes in their jour-
ney toward infected or injured tissues. As such, it is likely to
play a particularly important role in regulating the trafficking
of these cells. In the context of Lyme disease, it has been shown
that B. burgdorferi stimulates endothelial cells to secrete che-
mokines (7, 8) and to upregulate the expression of adhesion
molecules for leukocytes (31). Consequently, exposure of en-
dothelium to B. burgdorferi promotes the subsequent transmi-
gration of neutrophils (8, 31), monocytes, and CD4" T lym-
phocytes (7). Herein, we use a well-characterized in vitro
model of the blood vessel wall to demonstrate that unfraction-
ated, human peripheral blood T lymphocytes migrate in in-
creased numbers across endothelial monolayers that have been
activated with B. burgdorferi or the host proinflammatory cy-
tokine IL-1. The anti-inflammatory cytokine IL-10 inhibits the
migration of T lymphocytes across endothelium exposed to B.
burgdorferi, but not IL-1. Phenotypic analysis of the T lympho-
cytes that migrate suggests that the endothelium may actively
recruit specific subpopulations of T cells in a manner that
partly depends on the inciting stimulus.
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MATERIALS AND METHODS

Culture of spirochetes. An isolate of B. burgdorferi derived from human blood
(HBD1) (1) was cultured at 33°C in modified Barbour-Stoenner-Kelly medium
containing low levels of lipopolysaccharide (31). Spirochetes (passages 42 to 60)
were harvested in late log-phase growth by centrifugation and resuspended in
medium 199 (M199; Life Technologies, Inc., Grand Island, N.Y.) containing
20% heat-inactivated fetal bovine serum (HyClone Laboratories, Logan, Utah).
To make certain that exogenous lipopolysaccharide was not introduced during
the course of experiments, sham preparations, which consisted of equal volumes
of uninoculated spirochetal growth medium, were processed in parallel with the
spirochetes.

Endothelial cell cultures. Endothelial cells were isolated from human umbil-
ical veins by collagenase perfusion and placed onto 1.5% gelatin-coated tissue
culture plates (Corning Glass Works, Corning, N.Y.) (15). The human umbilical
vein endothelial cells (HUVEC) were maintained in growth medium consisting
of M199 with 20% fetal bovine serum, penicillin (100 U/ml), streptomycin (100
pg/ml), and amphotericin B (2 pg/ml) at 37°C in a 5% CO, atmosphere. When
confluent (within 3 to 5 days), cultures from several cords were trypsinized,
pooled, and plated onto acellular amniotic connective tissue substrates fastened
to Teflon rings (8). The amniotic membranes were obtained from human pla-
centas shortly after delivery by separating the amnion from the chorion, fastening
it to Teflon rings, and removing the epithelium with 0.25 N NH,OH and gentle
scraping (31).

Isolation of T lymphocytes. Blood was collected from healthy volunteers in
syringes containing a final concentration of 0.12% EDTA and diluted with an
equal volume of Dulbecco’s phosphate-buffered saline (PBS) devoid of Ca?* and
Mg>* (Life Technologies, Inc.). In a 50-ml polypropylene tube, 30 ml of the
diluted blood was gently pipetted over 15 ml of Accu-Prep Lymphocytes gradient
medium (Accurate Chemical & Scientific Corp., Westbury, N.Y.) and centri-
fuged at 675 X g for 20 min at room temperature. The peripheral blood mono-
nuclear cells were collected from the interface, diluted with an equal volume of
PBS lacking Ca®>* and Mg?*, centrifuged, and washed twice more. T lympho-
cytes were then isolated from the mononuclear cell fraction by negative selection
using a MACS Pan T Cell Isolation kit (Miltenyi Biotec, Auburn, Calif.) accord-
ing to the manufacturer’s instructions. The purified T lymphocytes were consis-
tently >98% pure and viable, as determined by flow cytometry for CD3 and
trypan blue exclusion, respectively.

Transendothelial migration of T lymphocytes. HUVEC (3 X 10°) were plated
onto pieces of amniotic tissue with a surface area of 2 cm? and cultured for 7 to
10 days, a time that permits transendothelial electrical resistance to develop (15).
HUVEC-amnion cultures were treated with either control medium, recombinant
human IL-18 (1 U/ml; Collaborative Biomedical, Bedford, Mass.), 10 B. burg-
dorferi organisms per endothelial cell, or a sham preparation of spirochetes at
37°C for various times. Cultures were then washed, and purified T lymphocytes
were added to the apical sides and allowed to incubate at 37°C for the indicated
times. At the end of the assay, medium was removed, and the cultures were fixed
overnight in 10% buffered formalin at 4°C. The tissues were stained with Wright
stain and viewed en face by light microscopy. The total number of T lymphocytes
associated with each culture was determined by counting nine fields (magnifica-
tion, X400) chosen at random.

To distinguish the T lymphocytes that were adherent to the apical surface of
the HUVEC from those that had migrated across the endothelium and into the
amniotic tissue, a portion of each culture was embedded in glycol methacrylate
(Polysciences Inc., Warrington, Pa.), sectioned perpendicularly to the plane of
the endothelial monolayer, and stained with toluidine blue (31). The percentage
of T lymphocytes that migrated beneath the HUVEC was calculated by deter-
mining the positions, with respect to the endothelium, of at least 100 T cells for
each sample. Correction for loss of adherent T lymphocytes during the embed-
ding procedure was performed as described previously (27).

Harvesting of migrated T lymphocytes. To analyze the phenotypes of migrated
T cells, HUVEC-amnion cultures were left untreated or activated with IL-1B (1
U/ml) or 10 spirochetes per endothelial cell for 24 h at 37°C. Cultures were
washed, and 2 X 10° to 4 X 10° T cells were added for 4 h at 37°C. T lymphocytes
adherent to the apical surface of the endothelium were removed by washing the
cultures vigorously three times in beakers containing Hanks’ balanced salt solu-
tion (HBSS) (Life Technologies, Inc.) devoid of Mg?* and Ca®*. T lymphocytes
that had migrated across unstimulated or activated HUVEC were released from
the amniotic tissue by incubating the cultures in collagenase D (0.5 mg/ml;
Boehringer Mannheim, Indianapolis, Ind.) and hyaluronidase (10 pg/ml; Worth-
ington Biochemical Corporation, Lakewood, N.J.) in HBSS at 37°C for 20 to 30
min. The digestion solution also contained soybean trypsin inhibitor (10 pwg/ml),
tosyl-L-phenylalanine chloromethyl ketone (37 pg/ml), and one Mini-Complete
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EDTA-free protease inhibitor cocktail tablet per 10 ml (all from Boehringer
Mannheim). When incubated with purified T lymphocytes, in either the presence
or absence of amniotic tissue, the digestion solution did not affect the viability of
the cells or their expression of surface markers of interest, as determined by flow
cytometry. The released cells were washed three times in HBSS and resuspended
in PBS containing 0.5% bovine serum albumin (Sigma, St. Louis, Mo.). For each
set of experimental conditions, T lymphocytes were harvested from three to four
HUVEC-amnion cultures and pooled for subsequent phenotypic analysis. An
additional two cultures were fixed and analyzed microscopically, as described in
the preceding section, to verify that the treated endothelium was indeed acti-
vated and that adherent lymphocytes were removed by the washing procedure.

Flow cytometry. The phenotypes of the initially added and migrated popula-
tions of T lymphocytes were compared by flow cytometry. An aliquot of the
starting population of T cells, which had been held in culture medium at 37°C for
the duration of the transmigration assay, was incubated with fluorescently la-
beled antibody (0.6 pg/ml) for 20 min at 0°C. A higher concentration (1.2 wg/ml)
was needed to label the migratory population to saturation, perhaps due to
nonspecific binding of the antibodies to debris or endothelial cells. Phycoerythrin
(PE)-labeled monoclonal antibodies (MAb) to human CD4 (immunoglobulin G1
[IgG1]), CD8 (IgG1), and CD45RO (IgG2a) were purchased from Becton Dick-
inson, San Jose, Calif., as was fluorescein isothiocyanate (FITC)-labeled MAD to
human CD45RA (IgG1) and CD69 (IgG1). FITC-labeled MAb to human CD3
(IgG2a) was from Biosource International (Camarillo, Calif.). In various exper-
iments, T cells were stained with the following combination of MAb: (i) FITC-
labeled anti-CD45RA and PE-labeled anti-CD45RO; (ii) FITC-labeled anti-
CDG69 and PE-labeled MADb to either CD4 or CDS; or (iii) FITC-labeled anti-
CD3 and PE-labeled MAb to either CD4 or CD8. Cells incubated with
fluorescently labeled, isotype-matched MADbs to irrelevant antigens (Caltag, Bur-
lingame, Calif.) served as negative controls. After staining, the cells were washed
three times, fixed in 1% buffered formalin, and stored at 4°C in the dark until
analysis, usually within 24 h. Two-color flow cytometry was performed using a
FACScan flow cytometer (Becton Dickinson). Lymphocytes were gated accord-
ing to their forward scatter versus side scatter to exclude debris, clumps, and
endothelial cells. A total of 10,000 cells was analyzed for each sample.

Statistics. The data obtained for the transendothelial migration assays were
subjected to an ordinary one-way analysis of variance with the Tukey-Kramer
multiple-comparison test using the GraphPad Instat statistical software program
(GraphPad Software Inc., San Diego, Calif.). The data obtained from phenotypic
analyses were subjected to a two-way analysis of variance of a randomized block
design with the Tukey-Kramer multiple-comparison test using the Jandel Sig-
maStat statistical software package (SPSS Science, Chicago, IlL.).

RESULTS

B. burgdorferi activates endothelium to promote the trans-
migration of T lymphocytes. We previously reported that ac-
tivation of endothelium by B. burgdorferi stimulates the subse-
quent transmigration of neutrophils (8, 31) and monocytes (7),
using an in vitro model of the blood vessel wall. This model
consists of HUVEC grown to confluence on acellular amniotic
connective tissue. These endothelial cell cultures resemble en-
dothelium in vivo with respect to both morphology and per-
meability properties (15). In addition, the CD4" subset of T
lymphocytes, isolated by positive selection with immunomag-
netic beads, also exhibits enhanced migration across B. burg-
dorferi-stimulated endothelium (7). In the present study, ex-
periments were performed to examine the migration of the
entire T-lymphocytic population, rather than CD4" T cells
only. Moreover, a negative selection strategy, using immuno-
magnetic beads to remove monocytes, natural killer cells, B
cells, and dendritic cells, was employed to minimize perturba-
tion of the T lymphocytes during their isolation.

To determine whether exposure of endothelium to B. burg-
dorferi promotes the transmigration of these unfractionated T
lymphocytes, HUVEC-amnion cultures were incubated with
either spirochetes or a sham preparation of bacteria for 4, 8, or
24 h. The cultures were then washed to remove any unbound
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FIG. 1. Stimulation of HUVEC with B. burgdorferi for 8 to 24 h
results in maximal migration of T lymphocytes. Unfractionated T lym-
phocytes (10° per culture) were incubated for 2 h with HUVEC-
amnion cultures that had been treated with either a sham preparation
of spirochetes or B. burgdorferi (Bb) at 10 bacteria/endothelial cell for
4, 8, or 24 h. The total height of each bar represents the number of T
lymphocytes associated with each culture, expressed as a percentage of
the total number of cells that was initially added. The lower portion of
each bar depicts the percentage of cells that migrated beneath the
endothelium. The upper portion of each bar denotes the percentage of
T lymphocytes that were adherent to the apical surface of the endo-
thelium. Bars represent the means = standard deviations (error bars)
of three to four replicate samples. Asterisks denote levels of migration
across B. burgdorferi-stimulated endothelium that are significantly dif-
ferent from those across sham-treated controls: *, P < 0.01; %, P <
0.001.

bacteria, and T lymphocytes were added for an additional 2 h.
Incubation of the HUVEC-amnion cultures with B. burgdorferi
for 8 to 24 h resulted in maximal migration of the T lympho-
cytes (a twofold increase compared to the sham control) (Fig.
1). Therefore, an incubation period of 24 h was chosen for
stimulation of the HUVEC in subsequent studies.

Next, the time for which T cells and endothelium must be
coincubated to achieve maximum migration was determined.
HUVEC-amnion cultures were preincubated with B. burgdor-
feri or a sham preparation of bacteria for 24 h and washed. T
lymphocytes were then added for various times. Incubation for
4 h resulted in maximal migration of T lymphocytes (8% * 1%
of the total T cells added for spirochete-treated cultures, com-
pared to 3% = 1% for the sham control) (Fig. 2); conse-
quently, this time point was used in all succeeding experiments.
After 12 or more hours of incubation, the migration of T
lymphocytes across sham-treated HUVEC monolayers in-
creased to a level similar to that across monolayers that had
been exposed to spirochetes.

Pietschmann et al. (25) reported that when HUVEC are
grown on collagen gels, increasing the number of T lympho-
cytes added augments the number of migrating T lymphocytes
until a plateau is eventually reached. To see if the same phe-
nomenon occurred in our in vitro system, HUVEC-amnion
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FIG. 2. Maximal numbers of T lymphocytes migrate across
HUVEC stimulated with B. burgdorferi within 4 h. HUVEC were
treated with a sham preparation of spirochetes or B. burgdorferi (Bb) at
10 bacteria/endothelial cell for 24 h, followed by incubation with T
lymphocytes (10° per culture) for the indicated times. The total height
of each bar represents the percentage of added T lymphocytes that
became associated with each culture. The lower portion depicts the
percentage of cells that migrated beneath the endothelium; the upper
portion indicates the percentage that were adherent to the apical
surface of the endothelium. Bars represent the means = standard
deviations (error bars) of three to four replicate samples. Data shown
are representative of two separate experiments. The percentages of T
cells migrating across B. burgdorferi-activated endothelium that are
significantly different from those traversing sham-treated controls are
shown by an asterisk (P < 0.05).

cultures were preincubated with B. burgdorferi or a sham prep-
aration for 24 h, the cultures were washed, and various
amounts of T lymphocytes (from 0.5 X 10° to 4 X 10° per
culture) were added for an additional 4 h. Microscopic analysis
of the cultures revealed that a linear relationship existed be-
tween the number of T lymphocytes added and the number of
T lymphocytes that migrated, up to a point where it was no
longer possible to count the number of cells that migrated (Fig.
3). Therefore, in our system, the endothelium does not impose
a restriction on the number of T lymphocytes that can trans-
migrate.

IL-10 inhibits the migration of T lymphocytes across endo-
thelium stimulated by B. burgdorferi. 1L-10 is a lymphokine
that has been implicated in the control of inflammation in
murine models of Lyme disease (6). Addition of IL-10 during
exposure of endothelium to B. burgdorferi reduces the trans-
migration of subsequently added monocytes by about half. In
contrast, IL-10 has no effect on migration of monocytes across
HUVEC stimulated with IL-1 (7). To determine whether IL-10
also diminishes transendothelial migration of T lymphocytes in
a stimulus-specific manner, HUVEC-amnion cultures were in-
cubated with medium only, a sham preparation of spirochetes,
B. burgdorferi, or 1L-1 for 8 h in the absence or presence of
IL-10 (20 ng/ml). The cultures were then washed to remove the
stimuli, and resting T lymphocytes were added, without IL-10,
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FIG. 3. The number of T lymphocytes that migrate is proportional
to the number added. HUVEC were stimulated with either a sham
preparation of spirochetes or B. burgdorferi (10 bacteria/endothelial
cell) for 24 h. Increasing numbers of T lymphocytes were subsequently
added and allowed to incubate for 4 h. Data points represent the
means = standard deviations (error bars) of three to four replicate
samples. Data shown are representative of two separate experiments.
The number of T lymphocytes that migrated across B. burgdorferi-
activated endothelium is significantly greater than the number that
migrated across sham-treated controls at all points tested (P < 0.05).

for an additional 4 h. In one experiment, IL-10 completely
abolished (P < 0.01) the enhanced migration of T lymphocytes
across B. burgdorferi-stimulated endothelium, reducing it to
control levels (Fig. 4). In another experiment, using different
donors for both the T lymphocytes and HUVEC, emigration
was suppressed by 54% (P < 0.001) (data not shown). When
coincubation of B. burgdorferi and HUVEC was extended to
24 h, IL-10 reduced the migration of T lymphocytes by 64%
(P < 0.05) and 60% (P < 0.01) in two separate experiments
(data not shown). In contrast, the migration of T lymphocytes
across endothelium treated with either 0.01 or 5 U of IL-1 per
ml was not reduced by IL-10 in any of these experiments.
CD45RA*RO™ T lymphocytes preferentially traverse endo-
thelium, whereas CD45RA*RO™ cells migrate poorly. To as-
certain whether CD45RA RO (memory), CD45RA"RO™
(naive), or CD45RA"RO™ T lymphocytes preferentially migrate
across B. burgdorferi-stimulated endothelium, a T-lymphocyte
transendothelial migration assay was conducted under the op-
timal conditions that were established as described above. Cul-
tures were then washed vigorously in HBSS devoid of Ca**
and Mg? ™, which effectively removed T lymphocytes that were
adherent to the apical surface of the endothelium (data not
shown). The migrated T lymphocytes were liberated from the
amniotic tissue with a solution containing collagenase, hyal-
uronidase, and a mixture of protease inhibitors. The harvested
T lymphocytes were stained with fluorescently labeled MAb to
CD45RA and CD45RO and analyzed by two-color flow cytom-
etry. The phenotypes of the migrated T lymphocytes were then
compared to those of an aliquot of the initial T-lymphocytic
population, which had been incubated in culture medium at
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FIG. 4. IL-10 reduces the enhanced migration of T lymphocytes
across B. burgdorferi-stimulated endothelium. HUVEC-amnion cul-
tures were incubated with medium, a sham preparation of spirochetes,
IL-1 (5 U/ml), or B. burgdorferi (Bb) at 10 bacteria/endothelial cell in
the absence or presence of IL-10 (20 ng/ml) for 8 h. T lymphocytes (10°
per culture) were then added for an additional 4 h. The total height of
each bar represents the percentage of added T lymphocytes that be-
came associated with each culture. The lower portion depicts the
percentage of cells that migrated beneath the endothelium; the upper
portion indicates the percentage that were adherent to the apical
surface of the endothelium. Bars represent the means = standard
deviations (error bars) of three to four replicate samples. Significant
reduction in migration by IL-10 is indicated by an asterisk (P < 0.01).

37°C for the duration of the transmigration assay. As shown in
Table 1, migratory populations contained a greater proportion
of CD45RA"RO™" T cells and a smaller percentage of
CD45RA RO cells than did the initial population, regardless
of the state of activation of the endothelium. There was also a
significant increase in the percentage of T cells that expressed
an early marker of activation, CD69, in the populations of
CD8" lymphocytes that traversed either unstimulated or stim-
ulated endothelium. Enrichment for CD4" T cells that coex-
pressed CD69 was also noted. However, results were more
variable than for the CD8™" population, and enrichment was of
statistical significance only for CD4™" cells that migrated across
IL-1-treated endothelium (Table 2). The number of migrated
cells that expressed CD69 under any conditions never ex-
ceeded 7.5%. Therefore, the majority of the T lymphocytes
that traversed the endothelium did not appear to have been
activated recently.

Endothelium stimulated by B. burgdorferi preferentially re-
cruits CD8* T lymphocytes. Whether CD4 " or CD8" T lym-
phocytes preferentially migrate across endothelium has been a
matter of controversy (2, 13, 25). To address this issue, T
lymphocytes were allowed to migrate across untreated
HUVEC or HUVEC that had been stimulated with B. burg-
dorferi or 1L-1. The migratory populations were harvested,
stained for CD3 and either CD4 or CDS, and analyzed by
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TABLE 1. CD45RA*RO™ T lymphocytes preferentially migrate across endothelium

% of T lymphocytes with indicated phenotype

Expt. no.” Markers Initial Migrated across Migrated across Migrated across B.
lation unstimulated IL-1-treated burgdorferi-treated
popu HUVEC HUVEC»* HUVEC"*
1 CD45RA"RO™ 39.3 43.2 36.4 45.7
CD45RA'RO™ 36.2 5.1 4.5 55
CD45RA*RO™ 24.0 51.5 59.0 48.6
2 CD45RA"RO™ 38.9 33.0 30.2 25.8
CD45RA'RO™ 36.2 55 33 2.8
CD45RA*RO™ 22.2 60.8 66.3 71.3
3 CD45RA"RO™ 23.9 25.6 31.9 314
CD45RA'RO™ 49.7 9.7 7.7 9.5
CD45RA*RO™ 17.5 62.4 59.6 58.4

“ Each experiment was performed with T cells isolated from a different donor.

b All migratory populations show a significant depletion of CD45RA™RO™ T lymphocytes and enrichment for CD45RA*RO™ T lymphocytes compared to the initial

population (P < 0.05).

¢ On average, 2.0 = 0.4-fold more T lymphocytes traversed stimulated HUVEC than unstimulated endothelium in these experiments.

two-color flow cytometry. Their phenotypes were then com-
pared to those of the initial population of T lymphocytes. A
statistically significant enrichment for CD8" T lymphocytes in
the migrated population occurred when the endothelium was
incubated with either control medium or B. burgdorferi but not
when the endothelium was stimulated with IL-1 (Table 3).
Since the sum of the percentages of CD4" and CD8" T lym-
phocytes for each analysis was approximately 100%, an enrich-
ment for the CD8™ subset corresponded to a depletion of
CD4™" cells. Although the phenotypes of cells that migrated
across untreated and B. burgdorferi-treated endothelium were
similar, two- to fourfold more lymphocytes traversed the stim-
ulated endothelium. These data suggest that the endothelium
plays an active role in recruiting specific populations of T
lymphocytes.

DISCUSSION

Using a well-characterized in vitro model of the blood vessel
wall, we demonstrated that B. burgdorferi activated endothe-
lium in a manner that facilitated recruitment of specific sub-
populations of T lymphocytes. Addition of the anti-inflamma-

tory cytokine IL-10 significantly diminished this enhanced
migration but had no effect on the migration of T lymphocytes
across IL-1-treated HUVEC. Compared to the initially added
population, the population of T lymphocytes that underwent
transendothelial migration was both significantly enriched for
CD45RA"RO™ cells and depleted of the CD45RA*RO™
phenotype, regardless of the activation status of the endothe-
lium. In addition, the migratory population was enriched for
CD8" T lymphocytes when the HUVEC were left untreated or
exposed to B. burgdorferi but not when they were activated with
IL-1.

In our in vitro model, approximately 2 to 4% of added T
lymphocytes migrated across resting endothelium. In contrast,
other investigators reported that 10 to 35% of T lymphocytes
migrate across unstimulated endothelium grown on collagen
(13, 25). In these studies, T cells were incubated overnight
before executing the transmigration assay. This extended incu-
bation may account for the increased level of migration com-
pared to those found in our studies and those of Masuyama
and colleagues (2, 23, 24), which employed freshly isolated
lymphocytes. It may also explain why these investigators ob-

TABLE 2. The population of T lymphocytes that migrates across endothelium is enriched for CD69" cells

% of T lymphocytes expressing indicated markers

Expt.

Nos Markers Initial Migrated across Migrated across Migrated across B.
0- lati unstimulated IL-1-treated burgdorferi-treated
population HUVEC? HUVEC?4 HUVEC?
1 CD4 + CD69 0.5 1.2 6.8 5.0
CDS8 + CD69 0.3 5.0 5.2 5.0
2 CD4 + CD69 0.3 2.4 6.6 5.8
CD8 + CD69 0.4 6.4 6.3 6.5
3 CD4 + CD69 0.4 1.0 2.5 1.0
CDS8 + CD69 0.7 7.5 6.7 6.0

“ Each experiment was performed with T lymphocytes isolated from a different donor.

® The populations that migrated across endothelium are significantly enriched for cells coexpressing CD8 and CD69 compared to the initial population (P < 0.05).

¢ The population that traversed IL-1-treated endothelium shows significant enrichment for cells coexpressing CD4 and CD69 compared to the initial population (P <
0.05).

@ 1In these experiments, an average of 1.9 = 0.1-fold more T lymphocytes migrated across activated endothelium than unstimulated HUVEC.
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TABLE 3. Unstimulated and B. burgdorferi-activated endothelium preferentially recruit CD8" T lymphocytes

CD4"/CD8* T-lymphocyte ratio”

Exp[E. Initial Migrated across Migrated across Migrated across
no. nlll‘:. unstimulated IL-1-treated B.burgdorferi-
popuiation HUVEC® HUVEC? treated HUVEC®

1 4.8 2.1 4.1 2.7

2 5.0 2.1 31 23

3 1.7 0.8 12 1.0

4 11 0.8 1.1 0.9

5 1.8 0.8 15 13

6 1.5 0.9 1.2 0.8

“ Data are expressed as the percentage of CD4™ T lymphocytes divided by the percentage of CD8* T lymphocytes. In these analyses, the sum of the percentages

of CD4" and CD8™" T cells averaged 99% * 3%.

 Experiments 1 and 2 used T cells isolated from the same donor on different days; the remaining experiments all used cells from different donors.
¢ Populations that migrated across unstimulated or B. burgdorferi-treated endothelium are significantly enriched for CD8" T lymphocytes compared to the initial

population (P < 0.05).

9 1In these experiments, an average of 2.4 = 0.6-fold more T lymphocytes migrated across stimulated endothelium than unstimulated endothelium.

served little (25) or no (13) increase in the number of T cells
that migrated across cytokine-activated, as compared to rest-
ing, endothelium. In contrast, we observed on average a greater
than twofold increase in the number of T lymphocytes that tra-
versed HUVEC stimulated with either B. burgdorferi or IL-1.

Maximal numbers of T Ilymphocytes migrated across
HUVEC exposed to B. burgdorferi within 4 h after addition of
the leukocytes. At this time, comparatively few T cells migrated
across HUVEC that had been treated with a sham preparation
of spirochetes. When coincubation of endothelium and T lym-
phocytes was extended to 12 h or more, migration across the
sham-treated cultures increased to levels comparable to those
seen using spirochete-stimulated HUVEC (Fig. 2). This result
suggests that, with increased incubation times, T lymphocytes
and endothelium interact in a manner that facilitates transmi-
gration. One possible scenario is that prolonged contact of T
cells with endothelium results in activation of the leukocytes
(30), which, in turn, may secrete cytokines that stimulate the
endothelium to upregulate adhesion molecules and produce
chemoattractants. These events would be expected to promote
emigration of T lymphocytes.

The anti-inflammatory cytokine IL-10 significantly dimin-
ished the enhanced migration of T lymphocytes across B. burg-
dorferi-stimulated HUVEC but not across IL-1-treated endo-
thelium (Fig. 4). Similarly, IL-10 inhibits migration of monocytes
across endothelium activated by B. burgdorferi, but not by IL-1
(7). These observations suggest that B. burgdorferi and IL-1
activate endothelium via two distinct mechanisms, one that is
sensitive to IL-10 and one that is not. The ability of IL-10 to
diminish migration of lymphocytes and monocytes across spi-
rochete-stimulated endothelium may be explained, at least in
part, by its capacity to suppress endothelial production of
monocyte chemoattractant protein-1 (7). In a murine model of
Lyme disease, IL-10 plays an important role in the regulation
of arthritis severity and host defense (6). Mice that are defi-
cient in IL-10, when infected with B. burgdorferi, develop more
severe arthritis than do wild-type mice, but have 10-fold fewer
spirochetes in the affected tissue. Therefore, IL-10 may protect
against the symptoms of Lyme disease by diminishing the re-
cruitment of inflammatory leukocytes across endothelium. As
a consequence, clearance of the bacteria is impeded.

Examination of the phenotypes of T lymphocytes that mi-

grated across unstimulated HUVEC or HUVEC activated by
B. burgdorferi or IL-1 revealed that CD45RA"RO™ T lympho-
cytes preferentially traversed the endothelium whereas
CD45RA*RO™ T lymphocytes were selectively depleted, re-
gardless of the inciting stimulus (Table 1). This observation is
consistent with several previous in vitro studies that demon-
strate an enrichment for CD45RO-bearing T lymphocytes in
the migratory population (2-4, 13, 29). Studies of sheep have
led to the view that circulating memory (CD45RA"RO™") T
lymphocytes preferentially enter nonlymphoid tissues, whereas
naive (CD45RATRO™) T cells tend to migrate across the
specialized high endothelial venules of lymphoid organs (21).
Recently, however, the general validity of this conclusion has
been questioned (36). Our data support the idea that naive
cells migrate poorly across nonlymphoid endothelium, but in
our model CD45RATRO™ cells traversed HUVEC monolay-
ers more efficiently than did CD45RA"RO™ memory T cells.
In vitro studies have suggested that CD45RA"RO™ cells are in
transition from a naive to a memory phenotype (10, 26), al-
though the origin and functions of this subset in vivo are
uncertain (35).

Expression of the CD45RO isoform occurs within 24 h after
activation of CD45RA"RO™ T lymphocytes in vitro (10).
Therefore, we cannot rule out the possibility that the apparent
enrichment for CD45RA"RO™ T cells in the migratory pop-
ulation stems from acquisition of CD45RO by previously neg-
ative cells during the 4 h assay. However, fewer than 7.5% of
the migratory cells displayed the early activation marker CD69
(Table 2), which is expressed 1 to 2 h after stimulation (22, 34).
This observation suggests that the majority of T lymphocytes
that undergo transendothelial migration have not been re-
cently activated. Consequently, it appears that enrichment for
CD45RA"RO™ cells in the migratory population results not
from a rapid phenotypic change but rather from preferential
migration.

Greater than 95% of CD4" T lymphocytes in the synovial
fluids of patients with Lyme arthritis express CD45RO (28).
Whether this enrichment for CD45RO™ T lymphocytes in le-
sions of Lyme disease is due to a greater capacity of CD45RO™
T cells to emigrate from the vasculature; local differentiation
from naive T cells; or enhanced survival, proliferation, or re-
tention within the tissues is not certain. However, the results
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obtained in vitro support the notion that at least some enrich-
ment occurs at the level of transendothelial migration. Such
preferential recruitment might result from selective engagement
of endothelial adhesion molecules; in vitro, CD45RA"RO™
T lymphocytes interact more effectively with E- and P-selectin
and vascular cell adhesion molecule 1 than do naive cells under
conditions of flow (19). Chemokines, secreted by either endo-
thelium or stromal cells, might lead to further selectivity by
virtue of their ability to attract specific subsets of lymphocytes
(20).

Analysis of expression of CD4 and CD8 by the migratory
populations suggests that endothelium may be capable of re-
cruiting dissimilar subsets of T lymphocytes under different
conditions. The population that migrated across either un-
stimulated HUVEC or HUVEC exposed to B. burgdorferi was
significantly enriched for CD8" T cells compared to the pop-
ulation that was initially added (Table 3). Enrichment for
CD8" T cells in the population that migrates across resting
endothelium has also been observed using HUVEC grown on
collagen gels (13, 25), although others report that CD4™ T cells
selectively accumulate in a similar model (2). In contrast, we
saw no significant difference in the percentages of CD8" T
cells in the starting population and the population that mi-
grated across IL-1-stimulated endothelium (Table 3). These
results suggest that enrichment for CD8" T lymphocytes is not
due simply to an inherently greater capacity of these cells to
transmigrate. Rather, it depends on the stimulus that was used
to activate the HUVEC and thus, presumably, on the adhesion
molecules and chemoattractants that were elaborated by the
endothelium. However, some caution in making this conclu-
sion is warranted, since the difference in the proportions of
CD8™ T lymphocytes in the populations that migrated across
endothelium stimulated by IL-1 versus B. burgdorferi does not
reach statistical significance. Nonetheless, the implication that
B. burgdorferi- and IL-1-stimulated endothelia are not identical
is compatible with our observation that IL-10 diminishes acti-
vation of HUVEC by the spirochetes, but not by IL-1 (Fig. 4).

Two studies have assessed the ratios of CD4" to CD8" T
lymphocytes in synovial tissues or fluids of patients with Lyme
arthritis (28, 33). However, neither compared these ratios with
those present in peripheral blood. The question of whether
CD8" T lymphocytes are enriched in lesions of Lyme disease
thus remains open. Nevertheless, evidence suggests that these
cells play a critical part in the progression of this illness. B.
burgdorferi-specific CD8" T lymphocytes are present in the
synovial fluids of patients with Lyme arthritis (9). In a murine
model of Lyme disease, abrogation of the CD8" T-lymphocytic
subset reduces both the severity of arthritis and the numbers of
spirochetes in the joints and skin (18). Therefore, it appears
that the CD8" T cells promote the disease process by inter-
fering with the generation of protective immunity. In mice,
CD8™" T lymphocytes are activated early during the immune
response to B. burgdorferi and are the major producers of
IFN-y (11). IFN-y secreted by activated CD8" T lymphocytes
in Lyme disease may increase inflammation and arthritis by
promoting macrophages to secrete proinflammatory mediators
(14), thereby perpetuating the illness.

Collectively, our data suggest that subsets of T lymphocytes
with similar phenotypes migrated across unstimulated endo-
thelium and endothelium that had been exposed to B. burg-
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dorferi. However, more than twice as many T cells traversed the
spirochete-activated monolayers. One possible explanation for
these observations is that B. burgdorferi simply induces endo-
thelium to produce greater amounts of the same adhesion
molecules and chemoattractants that it expresses under resting
conditions. Alternatively, the populations of T lymphocytes
that migrate across resting versus B. burgdorferi-activated en-
dothelium may be distinct in ways that were not revealed by the
phenotypic markers that we examined.

Accumulation of particular classes of T lymphocytes in le-
sions of patients with Lyme disease undoubtedly reflects a
complex interplay among many different cell types and cyto-
kines, and our in vitro model does not duplicate all of the
factors that contribute to this process in vivo. Our results,
however, raise the possibility that the composition of such
T-lymphocytic infiltrates is determined, at least in part, at the
level of emigration from the vasculature. Identification of the
mechanisms responsible for the recruitment of specific subsets
of T lymphocytes in Lyme disease will likely contribute to a
better understanding of the progression of this illness and of
chronic inflammatory disorders in general.
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