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Perivasculitis and endothelial cell abnormalities are characteristic histopathologic features of syphilis, a

sexually transmitted disease caused by Treponema paUlidum. To extend earlier studies demonstrating that T.
paUlidum activates endothelial cells, we now show that virulent T. paUlidum, but not heat-killed T. pallidum or

nonpathogenic Treponema phagedenis, promotes increased adherence of lymphocytes and monocytes to human
umbilical vein endothelial cells. Lymphocytes and monocytes are the two cell types prominent in the
histopathology of syphilis. Recognition that T. pallidum can stimulate endothelial cells to bind leukocytes
provides important insights into the early mechanisms of syphilis immunopathogenesis.

Syphilis is a chronic, systemic sexually transmitted disease
caused by the spirochetal bacterium Treponema pallidum
subsp. pallidum (T. pallidum) (23). For T. pallidum to establish
systemic infection, it must migrate from the dermis, dissemi-
nate hematogenously, and invade vascular beds in target
organs. It is plausible that endothelial cells are critically
involved during these processes because of the need for T.
pallidum to traverse endothelial cell barriers and the propen-
sity for T. pallidum in vitro to adhere to endothelial cells and
invade monolayers via intercellular junctions (6, 7, 19, 25, 26).
Endothelial cell abnormalities, perivasculitis, and thrombosis,
which characterize the histopathology of syphilis (11), are
consistent with the hypothesis that endothelial cell activation
results from the close association of T. pallidum with vascular
endothelium.
When activated, vascular endothelial cells express a broad

repertoire of molecules relevant to inflammation, including
cytokines, coagulation factors, and leukocyte adhesion mole-
cules (29). Leukocyte adhesion molecules play pivotal roles in
the initiation of immune processes by recruiting leukocytes to
sites of inflammation (13, 17). In a previous study by Riley et
al. (21), expression of intercellular adhesion molecule 1
(ICAM-1), a prominent leukocyte adhesion molecule (12), was
used as a marker for demonstrating that human umbilical vein
endothelial cells (HUVEC) become activated upon interaction
with virulent T. pallidum. However, a functional assay for the
correlation of T. pallidum-mediated endothelial cell activation
(i.e., ICAM-1 expression) with leukocyte adhesion thus far has
been lacking. Prior to extensive studies examining the role(s)
of the numerous leukocyte adhesion molecules expressed by T
pallidum-activated endothelial cells (e.g., ICAM-1, vascular
cell adhesion molecule 1 [VCAM-1], P-selectin, and E-selec-
tin) (29, 31), it was logical first to confirm physiologically that
T pallidum promoted the adhesion of leukocytes to endothe-
lial cells. A second objective of this study was to compare
leukocyte populations bound by T. pallidum-activated endo-
thelial cells in vitro with the cell types which characterize the
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histopathology of the disease as a means of establishing the
relevance of the in vitro model.

In these studies, Treponema phagedenis biotype Reiter (a
nonpathogenic commensal treponeme) was maintained and
passaged at 34°C in thioglycolate medium (Brewer modified)
with 10% normal rabbit serum. Virulent T. pallidum (Nichols
strain) was maintained by intratesticular inoculation of New
Zealand White rabbits (22). Spirochetes were extracted from
tissue into RPMI 1640-15% fetal calf serum (FCS) and were

isolated by differential centrifugation (22); the supernatant was
carefully aspirated to avoid disruption of the bacterial pellet,
and spirochetes were resuspended in RPMI 1640-15% FCS.
To determine the amount of testis extract (TEx) remaining
with the treponemal pellet, 125I-labeled human transferrin (2
X 106 acid-precipitable cpm) was added as a tracer to the
treponemal suspension before centrifugation (21); transferrin
is a host protein which does not bind to T. pallidum (2, 4, 24).
The treponemal pellet was solubilized, and the amount of
radioactivity remaining with the bacteria was used to calculate
the amount of TEx contamination in the spirochetal prepara-
tions (21). TEx, used separately in some experiments, was

filtered through a 0.2-,um-pore-size membrane filter to remove
residual spirochetes (21).
HUVEC were isolated from human umbilical cords and

cultured as previously described (21). To establish monolayers,
105 HUVEC were seeded onto eight-well plastic slides (coated
with bovine fibronectin) in 0.4 ml of RPMI 1640-15% FCS;
cultures were incubated at 37°C in an atmosphere of 5% CO2
until confluent (ca. 16 h) (21). Peripheral blood mononuclear
cells (PBMCs) (comprising approximately 85% lymphocytes
and 15% monocytes) were isolated from heparinized human
whole blood by Ficoll-Hypaque gradient centrifugation (10).
Lymphocytes were purified by separation from monocytes by
discontinuous Percoll density gradient centrifugation (28).
PBMCs, lymphocytes, and monocytes were suspended in
RPMI 1640-10% FCS and stored at 37°C until use. The
purities of lymphocyte and monocyte populations were as-

sessed by forward light scatter flow cytometric analysis and
microscopic examination of hematoxylin-stained cells; purities
of lymphocyte and monocyte preparations were greater than
95 and 80%, respectively. Polymorphonuclear leukocytes
(PMNs) were isolated from the pellets of Ficoll-Hypaque
gradients of whole blood by dextran sulfate sedimentation and
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FIG. 1. Adherence of leukocytes (PBMCs or PMNs) to T pallidum-stimulated HUVEC monolayers. HUVEC were either unstimulated
(Unstim.), treated with IL-11 (IL-1), or cocultured with 1, 10, or 100 T. pallidum organisms per HUVEC (Tp 1, Tp 10, and Tp 100, respectively)
for 0 or 12 h. HUVEC also were treated with one-, two-, or fivefold the amount of TEx calculated by radioactive tracer to remain with the sample
containing 100 T. pallidum organisms per HUVEC (TEx lx, 2X, and 5X, respectively). Values are expressed as means ± standard deviations. *
significantly greater than the control (Fisher's least significant difference, n = 30, P c 0.05).

lysis of erythrocytes (8). PMNs in physiological saline were
stored on ice until just prior to use; they were then pelleted and
suspended in RPMI 1640-10% FCS.

Conditions for activation of HUVEC by T. pallidum were as
previously described (21). Experiments to assess adherence of
leukocytes following incubation of HUVEC with T. pallidum
were modeled after those of Oppenheimer-Marks et al. (16),
Picker et al. (18), and Wegner et al. (30). Monolayers were
incubated with various quantities of motile T. pallidum at 34°C
in 4.5% 02-5% CO2 for either 0 h or 12 h (21). The wells were
then rinsed twice with RPMI 1640-10% FCS, leukocytes (106
in 300 ,u of RPMI 1640-10% FCS) were added, and the slides
were incubated at 37°C for 30 min under 5% CO2. The slides
were then rinsed three times with RPMI 1640-10% FCS and
fixed in 10% neutral-buffered formalin for 30 min at room
temperature. The cells were permeabilized with 80% methanol
and stained with hematoxylin. All experiments were performed
in triplicate; leukocytes attached to HUVEC were enumerated
by light microscopy (40X objective). Ten microscope fields
were counted for each well; counts for the three wells of each
group were averaged, and data were expressed as the mean
and standard deviation for each group at each time point.
Treatment of HUVEC monolayers for 12 h with interleu-

kin-l (IL-1i) (10 U/ml), a potent endothelial cell activator
(15), markedly increased the adhesiveness of endothelial cells
for PBMCs and PMNs (Fig. 1). Incubation with 100 T.
pallidum organisms per endothelial cell resulted in significantly
increased binding of PBMCs but not PMNs to HUVEC (Fig.
1). The failure of PMNs to bind to HUVEC following trepo-
nemal stimulation (Fig. 1) was interesting given that PMNs are
not prevalent among the cellular infiltrates of syphilitic lesions
(11). T. pallidum at lower inoculation ratios (i.e., 1 or 10
treponemes per HUVEC) did not promote leukocyte adhe-
siveness. The requirement for relatively high numbers of
spirochetes to induce leukocyte adhesiveness was consistent
with our earlier study of endothelial cell activation by T.
pallidum (21) and likely reflects the well-recognized observa-
tion that only a very small proportion of treponemes in a given
population cytadhere to HUVEC in vitro (6, 7, 19, 21, 25, 26).
Given that T. pallidum was prepared from inflamed testicular
tissue, it was essential to rule out the possibility that leukocyte
adhesion by activated HUVEC was induced by contaminating

rabbit cytokines rather than by treponemes. To examine this
possibility, HUVEC were treated with fresh TEx at one-, two-,
and fivefold the amount which was calculated with radioactive
tracer to be present in cocultures of 100 T. pallidum organisms
per HUVEC. Incubation of HUVEC with up to fivefold (3 RI)
the amount of TEx in the coculture containing 100 T. pallidum
organisms per HUVEC did not result in enhanced binding of
leukocytes to the monolayers (Fig. 1).
Having established that PBMCs constituted the adherent

leukocyte population for T. pallidum-activated endothelial
cells, further experiments were performed using purified lym-
phocytes and monocytes. For these experiments, in addition to
the test groups shown in Fig. 1, test samples also included the
nonpathogenic T. phagedenis and heat-killed (56°C, 30 min) T.
pallidum, neither of which cytadhere or activate HUVEC (6,
21). Also, to further prove that TEx was not responsible for
inducing leukocyte adhesiveness in HUVEC, T. phagedenis and
heat-killed T. pallidum were suspended in fresh TEx (unheat-
ed), processed in the same manner used to prepare virulent T.
pallidum, and then added to cell monolayers (100 spirochetes
per HUVEC). As shown in Fig. 2, HUVEC incubated for 12 or
24 h with either IL-11 or 100 viable T. pallidum organisms per
endothelial cell showed increased binding of both lymphocytes
and monocytes. None of the other test samples, including T.
phagedenis and killed T. pallidum (both processed in fresh
TEx), promoted lymphocyte or monocyte binding to HUVEC
(Fig. 2). Although significant differences between the results
for test groups shown in Fig. 2 were statistically determined,
the light micrographs in Fig. 3 show that lymphocyte binding to
HUVEC monolayers promoted by viable T. pallidum also was
visually evident.
The combined studies demonstrate that the interaction of

virulent T. pallidum with HUVEC promotes increased adhe-
siveness for leukocytes. Data from both radioactive tracer and
reconstruction experiments with TEx provided compelling
evidence that this phenomenon was not due to rabbit cyto-
kines. Furthermore, inasmuch as syphilitic lesions are com-
posed almost exclusively of macrophages, T cells, and plasma
cells (11), the enhanced binding of monocytes and lymphocytes
by T. pallidum-activated HUVEC correlated closely with those
cell populations prominent in the histopathology of syphilis
(11).
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FIG. 2. Lymphocyte and monocyte adherence to T. pallidum-stimulated HUVEC. HUVEC were either unstimulated (Unstim.), treated with

IL-13 (IL-1), or cocultured with 10 or 100 T. pallidum organisms per HUVEC (Tp 10 and Tp 100, respectively). HUVEC also were treated with
one-, two-, or fivefold the amount of TEx calculated by radioactive tracer to remain with the sample containing 100 T. pallidum organisms per

HUVEC (TEx lx, 2x, and 5x, respectively). In addition, 100 heat-killed T. pallidum organisms per HUVEC (ht Tp 100), 100 T. phagedenis
organisms per HUVEC (T phag. 100), and heat-killed T. pallidum or T. phagedenis (100 spirochetes per HUVEC) reconstituted with TEx (ht Tp
+ TEx and T phag + TEx, respectively) were used to stimulate monolayers. Values are expressed as means ± standard deviations. *, significantly
greater than the control (Fisher's least significant difference, n = 30, P s 0.05).

Our studies raise three issues relevant to clarifying the
mechanism(s) by which T pallidum promotes leukocyte adher-
ence to activated endothelial cells. First, the adhesion mole-
cules responsible for this process are as yet undefined. On the
basis of our former study (21), ICAM-1 remains a candidate
effector, but VCAM-1 also may be implicated because the
receptor for this molecule is expressed by both monocytes and
lymphocytes (13, 31). Assays for these and other adhesion
molecules, as well as blocking experiments with specific anti-
bodies, will be necessary for more precise identification of the
relevant adhesion molecule(s). Second, because T. pallidum
lacks lipopolysacharride (9), a potent inflammatory mediator
of gram-negative bacteria (14), its abundant lipoproteins (3)
have been implicated as activators of immune effector cells (1,
5, 20). However, there remains a paucity of information on the
ability of treponemal lipoproteins to activate endothelial cells
(21). Regardless of the treponemal constituents which may be
responsible for endothelial cell activation, it should be noted
that killed T pallidum will not cytadhere (6, 19, 21, 26),
activate endothelial cells (21), or, as demonstrated in this
study, promote leukocyte adhesion. These observations sug-
gest that the treponemal constituents responsible for promot-
ing activation of endothelial cells must be presented in the
context of some unique interaction(s), as yet poorly under-
stood, of virulent T. pallidum with target endothelial cells.
Finally, although T. pallidum-activated HUVEC bound signif-
icantly increased numbers of leukocytes, the overall effect was
not as striking as that induced by the potent inflammatory
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FIG. 3. Hematoxylin-stained lymphocytes attached to HUVEC.
Stimulation of monolayers was for 12 h. Only a portion of each 40X
microscopic field is shown in each panel. (A) Unstimulated (medium)
control; (B) IL-1,B; (C) 100 T pallidum organisms per HUVEC; (D)
100 heat-killed T. pallidum organisms reconstituted with fresh TEx.
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cytokine IL-1a. Modest induction by T. pallidum of early
inflammatory processes is consistent with the well-recognized
fact that inflammation develops slowly at local sites of infection
(11). On the other hand, inasmuch as endothelial cell activa-
tion correlates with increased vascular leakiness (27), reduc-
tion in the integrity of endothelial cell tight junctions resulting
from this response may enhance transendothelial passage by T.
pallidum, thereby facilitating tissue invasion. Eventually, cyto-
kine cascades will intensify the response, culminating in clinical
disease. Additional work will be necessary to elucidate more
completely the molecular mechanisms by which pathogenic
treponemes influence these pivotal inflammatory processes.
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