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Scrub typhus, caused by Orientia tsutsugamushi, is characterized by local as well as systemic inflammatory
manifestations. The main pathologic change is focal or disseminated multiorgan vasculitis, which is caused by
the destruction of endothelial cells and perivascular infiltration of leukocytes. We investigated the regulation
of chemokine induction in transformed human dermal microvascular endothelial cells (HMEC-1) in response
to O. tsutsugamushi infection. The monocyte chemoattractant protein-1 (MCP-1) and interleukin 8 (IL-8)
mRNAs were induced, and their levels showed a transitory peak at 3 and 6 h, respectively. The RANTES
transcript was detected at 6 h after infection, with increased levels evident by 48 h. The induction of the MCP-1
and IL-8 genes was not blocked by cycloheximide, suggesting that de novo protein synthesis of host cell proteins
is not required for their transcriptional activation. Heat- or UV-inactivated O. tsutsugamushi induced a similar
extent of MCP-1 and IL-8 responses. The induction of MCP-1 and IL-8 transcripts in the endothelial cells by
O. tsutsugamushi was not blocked by the inhibitors of NF-kB. Furthermore, the activation of NF-kB was not
detected in HMEC-1 stimulated with O. tsutsugamushi. These results demonstrate that heat-stable molecules
of O. tsutsugamushi induce the MCP-1 and IL-8 genes and the induction of the chemokine genes may be
mediated by an NF-kB independent mechanism. We also showed that another major transcription factor,
activator protein-1 (AP-1), was up-regulated in HMEC-1 after O. tsutsugamushi infection. This suggests the
possible involvement of AP-1 in the chemokine gene expression.

O. tsutsugamushi, an obligate intracellular bacterium, is the
causative agent of scrub typhus (26). The disease is character-
ized by fever, rash, eschar, pneumonitis, meningitis, and dis-
seminated intravascular coagulation, which leads to severe
multiorgan failure (2, 12, 54) in untreated cases. Although the
extent of the pathological changes of vasculature is less severe
than those of other rickettsia diseases (2), it has been reported
that vascular endothelial cells are one of the major target cells
of O. tsutsugamushi infection (28, 39, 55). Although the precise
mechanism of vascular damage caused by O. tsutsugamushi
infections remains unclear, the primary cause of the patho-
physiological consequences might be the destruction of endo-
thelial cells lining small blood vessels and the accompanying
inflammatory responses (2, 31). In the histological study of
eschar and rashes, dense collections of mononuclear cells, in-
cluding lymphocytes, plasma cells, and macrophages, were
found around the dermal vasculatures (2). The extent of infil-
trating leukocytes around the small blood vessels is closely
related with the clinical manifestation of scrub typhus (2, 12,
54).

Endothelial cells are critical elements in the evolution of
inflammation (33, 38, 47). Through the expression of surface
proteins and the secretion of soluble mediators, the endothe-
lium controls vascular tone and permeability, regulates coag-
ulation and thrombosis, and directs the passage of leukocytes

into areas of inflammation (33, 47). In the process of inflam-
mation, endothelial cells are known to produce proinflamma-
tory cytokines, such as interleukin 1 (IL-1), IL-6, and IL-8 as
well as adhesion molecules (33, 47). In particular, the chemo-
tactic cytokines (chemokines) and adhesion molecules ex-
pressed by endothelial cells are known to be key players in
regulating the recruitment of leukocytes to the sites of inflam-
mation (22). The chemokine genes are induced in vascular
endothelial cells either by proinflammatory cytokines such as
IL-1 and tumor necrosis factor or by interaction with microbial
pathogens (19, 27, 33, 34, 47). The interactions of different
chemokines with specific leukocyte receptors enable activation
and chemotaxis of neutrophils, lymphocytes, or monocytes
necessary for migration to sites of evolving inflammation. The
cellular influx into inflamed tissue is provoked by chemokine
gradients that contribute to the adhesion of leukocytes to the
endothelium, transendothelial migration, and movement through
the extracellular matrix (22). Infections caused by different
microbial pathogens elicit distinct patterns of chemokine re-
sponses (42). In endothelial cells activated by different micro-
bial pathogens, distinct chemokine genes are expressed with
different kinetics and magnitude (4, 19, 27, 34). The mecha-
nisms responsible for differences in host responses are incom-
pletely understood, but these differences partly explain the
presence of different inflammatory cell types and the magni-
tude in immune responses that are associated with character-
istic pathologic findings and clinical manifestations of disease.
Previously, we have reported that a subset of chemokine genes
are expressed in macrophages, which are known to be a pri-
mary source of chemokines and play a critical role in the
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immunity against rickettsia infection (13, 26). Macrophages
and endothelial cells are the primary targets for the rickettsia
infection and seem to be important cell types in rickettsia
disease, not only pathologically but also immunologically (26).
Therefore, these cells might play significant roles in determin-
ing the magnitude and profile of the host inflammatory re-
sponse to local or systemic infection with O. tsutsugamushi.
Furthermore, the type of T-cell response is also affected by the
kind of chemokine present since different sets of chemokine
receptors are exposed on different T-cell subsets (41). Protec-
tive immunity against O. tsutsugamushi is largely due to cell-
mediated immune responses, particularly those provided by
macrophages and T cells (26, 44). Among the chemokines
expressed by endothelial cells, monocyte chemoattractant pro-
tein-1 (MCP-1) and RANTES belong to the CC chemokine
subfamily and preferentially attract monocytes and lympho-
cytes (5). It has been reported that selective diapedesis of Th1
cells is induced by RANTES produced by endothelial cells
(25). For these reasons, it is important to understand the reg-
ulatory components that determine the quality and magnitude
of inflammatory responses in the rickettsia infection. To date,
however, proinflammatory mediators and chemokine re-
sponses to the O. tsutsugamushi infection have been poorly
elucidated (13, 23).

The transcription factor NF-kB is known to play important
roles in the regulation of inflammatory mediators, such as
cytokines, acute proteins, and adhesion molecules (6, 21). The
promoters of many chemokine genes, including IL-8, RAN-
TES, and MCP-1, also contain binding sites for NF-kB (9, 35,
49). In addition to NF-kB, other transcription factors such as
activator protein-1 (AP-1) are also implicated in the stimulus-
specific regulation of chemokine expression (40). Recently, it
has also been shown that AP-1 could induce a chemokine gene
through a mechanism independent of NF-kB (53). In this
study, we analyzed the transcriptional activation of a subset of
chemokine genes of human microvascular endothelial cell line
(HMEC-1) in response to O. tsutsugamushi infection. We also
investigated whether the expression of the chemokine genes is
dependent on NF-kB activation and whether AP-1 is activated
in O. tsutsugamushi-infected endothelial cells.

MATERIALS AND METHODS

Cell culture. HMEC-1, derived from human dermal microvascular endothelial
cells (1), was kindly provided by the Centers for Disease Control and Prevention
(Atlanta, Ga.). The cells were propagated in MCDB 131 medium (Life Tech-
nologies, Grand Island, N.Y.) supplemented with 15% fetal bovine serum (Life
Technologies), hydrocortisone (1 mg/ml; Sigma Chemical Co., St. Louis, Mo.),
epidermal growth factor (10 ng/ml; Life Technologies), penicillin (100 U/ml; Life
Technologies), and streptomycin (100 mg/ml; Life Technologies). Endothelial
cells were seeded onto 100-mm-diameter dishes (Becton Dickinson Labware,
Franklin Lakes, N.J.) for the preparation of total RNA or for the preparation of
nuclear extract. O. tsutsugamushi Karp (American Type Culture Collection,
Manassas, Va.) was propagated in monolayers of L929 cells (13). The titer of
infectivity of the inoculum was determined as described previously (13, 48). An
O. tsutsugamushi infected-cell counting unit of 1.4 3 107 (48) was used to infect
endothelial cells for the preparation of total RNA and nuclear extracts. The L929
cell lysate was prepared as described previously (13) and was used in the infec-
tion of endothelial cells for the control experiments. Lipopolysaccharide (LPS)
(Sigma Chemical Co.) derived from Escherichia coli was used as a positive
control for each experiment. In the inhibition assays, endothelial cells were
preincubated with 50 mM pyrrolidinedithiocarbamate (PDTC) (Sigma Chemical
Co.), 100 mM N-tosyl-L-phenylalanine chloromethyl ketone (TPCK) (Sigma
Chemical Co.), or 10 mg of cycloheximide (CHX) (Sigma Chemical Co.) per ml

for 1 h before O. tsutsugamushi was inoculated. Inhibitors were maintained
during the course of inhibition assays. In one experimental set, 30 mg of poly-
myxin B sulfate (Sigma Chemical Co.) per ml was added to the cell culture to
neutralize the LPS for the exclusion of the possibility of LPS contamination in
the medium or the inoculum. Inactivation of O. tsutsugamushi was accomplished
by heat treatment (100°C for 10 min) or by exposure to a 30-W UV lamp for 30
min at a distance of 20 cm with gentle shaking.

RNase protection assay. Total RNA was prepared with an RNeasy kit (Qiagen
GmbH, Hilden, Germany) as specified by the manufacturer and was quantified
spectrophotometrically. Detection and semiquantification of various murine che-
mokine mRNAs was performed with a multiprobe RNase protection assay sys-
tem from Pharmingen (San Diego, Calif.). In brief, a mixture of [32P]CTP-
labeled antisense riboprobes were generated from chemokine template DNAs
including lymphotactin (Ltn), RANTES, I-309, macrophage inhibitory pro-
tein-1a (MIP-1a), MIP-1b, IL-8, gamma interferon-inducible protein 10 (IP-10),
and MCP-1. The template DNAs for the human housekeeping genes encoding
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and a human ribosomal
protein (L32) were also included to ensure equal loading of total RNA onto the
gels. Total RNAs from each sample (10 mg each) were hybridized overnight at
56°C with 2 3 105 cpm of the 32P-labeled antisense riboprobe mixture. After
hybridization, the samples were digested with a mixture of RNases A and T1.
Nuclease-protected RNA fragments were precipitated with ethanol. The samples
were resolved on a 5% polyacrylamide sequencing gel (13). The bands were
observed after autoradiography. The specific chemokine bands were identified
on the basis of their individual mobilities compared with labeled standard
probes. The band intensities shown in autoradiography were digitized by scan-
ning the images and analyzed with TINA software (Raytest Isotopenmeßgeräte
GmbH, Straubenhardt, Germany). The densitometric intensity was normalized
with respect to the average intensities of the bands for the housekeeping genes,
GAPDH and L32.

Nuclear extraction and EMSA. Electrophoretic mobility shift assay (EMSA)
was performed as described previously with some modifications (13). Following
infection with O. tsutsugamushi, endothelial cells were washed with cold phos-
phate-buffered saline and collected by centrifugation at 500 3 g for 5 min. The
cells were resuspended in 200 ml of buffer I (50 mM Tris-HCl [pH 7.9], 10 mM
KCl, 1 mM EDTA, 0.2% Nonidet P-40, 10% glycerol, antiprotease cocktail
[Roche Diagnostic GmbH, Mannheim, Germany]) and incubated for 4 min at
4°C. The nuclei were pelleted by centrifugation (3,000 3 g for 3 min at 4°C) and
resuspended for 20 min on ice in 50 ml of cold buffer II (20 mM HEPES, 20%
glycerol, 400 mM NaCl, 1 mM EDTA, 10 mM KCl, antiprotease cocktail).
Nuclear debris were removed by centrifugation (13,000 3 g for 10 min) at 4°C,
and supernatants were used as nuclear extracts. Protein concentrations were
determined with the bicinchoninic acid protein assay reagent (Pierce Chemical
Co. Rockford, Ill.). Aliquots of the supernatant were frozen in liquid nitrogen
and stored at 270°C until use. Equal amounts of nuclear extracts (10 mg of
protein) from each sample were incubated for 30 min at 25°C in 20 ml of binding
buffer [10 mM Tris-HCl (pH 7.5), 50 mM NaCl, 0.5 mM dithiothreitol, 0.5 mM
EDTA, 4% glycerol, 1 mM MgCl2, 1 mg of poly(dI-dC)] containing 30,000 cpm
of an NF-kB-specific or AP-1-specific oligonucleotide probe. Probes were radio-
labeled with [g-32P]ATP (Amersham Ltd., Little Chalfont, England). The se-
quence of the NF-kB-specific probe was 59-AGT TGA GGG GAC TTT CCC
AGG C-39, and the sequence of the AP-1-specific probe was 59-TGC TTG ATG
AGT CAG CCG GAA-39. To ascertain the specific binding of nuclear extracts
with the NF-kB or AP-1 probe, a competition assay was performed with a 50-fold
molar excess of unlabeled oligonucleotides. Nuclear translocation of the NF-kB
heterodimer was analyzed by a supershift assay with the anti-p65 antibody (Santa
Cruz Biotechnology, Santa Cruz, Calif.). The nuclear extracts were mixed with 2
mg of the anti-p65 antibody and were hybridized with the NF-kB-specific oligo-
nucleotide probe. The supershifted bands were analyzed after separation on 5%
nondenaturing polyacrylamide gels and autoradiography.

RESULTS

Induction of chemokine gene expression. Before and after
exposure of endothelial cells to O. tsutsugamushi, the chemo-
kine transcript levels were assayed at various time points by an
RNase protection assay (Fig. 1). The MCP-1 and IL-8 mRNAs
were constitutively expressed at low levels in HMEC-1 (Fig. 1).
The MCP-1 RNA messages were up-regulated after infection
and peaked at 6 h. The IL-8 messages were increased as early
as 30 min after infection and persisted for 6 h. Both of the two

1266 CHO ET AL. INFECT. IMMUN.



chemokine mRNA levels were reduced to uninfected cell lev-
els by 12 h. The RANTES transcript was detected at 6 h after
infection, with increased levels present by 48 h. No mRNA was
detected during the infection using the RNase protection assay
for Ltn, IP-10, MIP-1b, MIP-1a, and I-309. When the cells
were treated with uninfected L929 cell lysate, the chemokine
gene mRNAs were barely detectable (Fig 2.). The chemokine

genes have also been reported to be induced by proinflamma-
tory cytokines, such as IL-1 (51). To investigate whether the
induction of the chemokine genes was a consequence of the
host cytokine expression, cells were incubated for an hour with
CHX, a eukaryotic protein synthesis inhibitor. Cells treated
only with CHX expressed low levels of the chemokine gene
mRNAs (18). CHX increased rather than inhibited chemokine

FIG. 1. Time course of O. tsutsugamushi-stimulated chemokine induction in HMEC-1. (A) Before and after HMEC-1 incubation with O.
tsutsugamushi, the levels of chemokine mRNAs at each time point were assayed by RNase protection. (B) The band densities were determined
with TINA software, and the mRNA expression level for each chemokine was normalized with respect to the average intensities of the bands of
L32 and GAPDH. HKG, housekeeping genes (L32 and GAPDH).

FIG. 2. (A) Induction of chemokine genes in HMEC-1 incubated for 3 h with medium alone (C), L929 cell lysate (Lysate), O. tsutsugamushi
(OT), CHX, or CHX and OT. (B) Normalized mRNA expression level for each chemokine as described in the legend to Fig. 1. HKG,
housekeeping genes (L32 and GAPDH).
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expression in O. tsutsugamushi-infected endothelial cells (Fig.
2). Four chemokine genes, those encoding RANTES, IP-10,
MCP-1, and IL-8 were expressed when HMEC-1 was stimulated
with LPS for 3 h. MCP-1 and IL-8 mRNA levels did not differ
significantly, whether cells were treated with polymyxin B and O.
tsutsugamushi or with O. tsutsugamushi alone, whereas LPS-me-
diated chemokine induction was significantly reduced (Fig. 3).

Heat stability of stimulating molecule. To evaluate whether
active rickettsia invasion is required for chemokine induction,
we exposed endothelial cells for 3 h to heat- or UV-inactivated
O. tsutsugamushi. It has been reported that both heat- and
UV-inactivated O. tsutsugamushi can bind host cell surfaces
but cannot penetrate the cells through induced phagocytosis
(50). As shown in Fig. 4, MCP-1 and IL-8 mRNA levels in cells

FIG. 3. (A) Induction of chemokine genes in HMEC-1 incubated for 3 h with medium (C), polymyxin B (PB) (30 mg/ml), O. tsutsugamushi
(OT), and LPS derived from E. coli (LPS) in the absence or presence of polymyxin B. (B) Normalized expression level for each chemokine mRNA
as described in the legend to Fig. 1. HKG, housekeeping genes (L32 and GAPDH).

FIG. 4. (A) Chemokine response to heat-inactivated (HOT), UV-inactivated (UV-OT), or active O. tsutsugamushi (OT) in HMEC-1. (B)
Normalized expression level for each chemokine mRNA as described in the legend to Fig. 1. HKG, housekeeping genes (L32 and GAPDH).
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treated with heat- or UV-inactivated O. tsutsugamushi were
comparable to those that had been treated with live rickettsia.

Effect of NF-kB activation inhibitors on chemokine expres-
sion. In order to examine whether NF-kB activation is involved
in the chemokine induction of O. tsutsugamushi-exposed en-
dothelial cells, we used two inhibitors of NF-kB activation, the
antioxidant PDTC (36, 45) and the proteasome inhibitor
TPCK (16, 37, 45). Interestingly, when the endothelial cells
were incubated with O. tsutsugamushi in the presence of 50 mM
PDTC or 100 mM TPCK, induction of MCP-1 and IL-8 was not
affected in HMEC-1 (Fig. 5). The results were reproduced in
three separate trials. We, therefore, investigated whether O.
tsutsugamushi-infected endothelial cells could induce NF-kB
activation (Fig. 6). At 2 h after HMEC-1 was infected with O.
tsutsugamushi, no NF-kB complexed with oligonucleotide was
detected (Fig. 6). However, in the cells treated with LPS, a high
level of activated NF-kB was detected, which was confirmed by
a supershift assay using anti- NF-kB p65 antibody (Fig. 6B).
This result was reproduced in three separate experimental
attempts. The activation of NF-kB was not detected at any
point during the time when HMEC-1 was infected with O.
tsutsugamushi for up to 8 h (data not shown).

Activation of AP-1 in O. tsutsugamushi-infected endothelial
cells. We also investigated whether another inducible tran-
scription factor, AP-1, was activated when endothelial cells
were infected with O. tsutsugamushi (Fig. 7). Nuclear protein
extracts were prepared from O. tsutsugamushi-infected HMEC-1
after 0.25, 0.5, 1, 4, or 8 h. AP-1 binding activity was deter-
mined by EMSA. A basal level of AP-1 binding activity was
detected in nuclear extracts of HMEC-1 (29). When the cells
were stimulated with O. tsutsugamushi, AP-1 binding activity
increased as early as 15 min and persisted for at least 4 h. At

FIG. 5. (A) Effect of PDTC and TPCK on O. tsutsugamushi-induced chemokine mRNA levels in HMEC-1. Chemokine mRNA levels were
analyzed using an RNase protection assay in total RNA samples that were prepared from uninfected cells (C), cells infected with O. tsutsugamushi
for 3 h (OT), and infected cells in the presence of PDTC (OT 1 PDTC) or TPCK (OT 1 TPCK). (B) Normalized expression level for each
chemokine mRNA as described in the legend to Fig. 1. HKG, housekeeping genes (L32 and GAPDH).

FIG. 6. (A) EMSA was performed to analyze the activation of
NF-kB using nuclear extracts prepared from HMEC-1 treated for 2 h
with medium (C), L929 cell lysate (Lysate), O. tsutsugamushi (OT), or
LPS. Nuclear extracts from cells pretreated with PDTC (OT 1 PDTC)
or TPCK (OT 1 TPCK) for 1 h before infection with O. tsutsugamushi
were also assayed. A competitive inhibition assay was performed with
nuclear extracts that were preincubated with the unlabeled NF-kB
consensus oligonucleotide (50 3 Competitor). (B) In the supershift
assay, nuclear extracts from HMEC-1 were preincubated with antibod-
ies against the p65 subunit of NF-kB
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8 h after infection, the levels of AP-1 binding activity decreased
to levels similar to those in cells incubated with medium alone.
The specificity of the mobility-shifted complex was confirmed
by a competition assay using 50 times the molar excess of the
binding sequence for either unlabeled AP-1 or NF-kB as
shown in Fig. 7. The AP-1 binding complex was successfully
competed by the 50-fold molar excess of the consensus AP-1
binding sequence. This indicates that O. tsutsugamushi acti-
vates the DNA-binding activity of AP-1 in the human endo-
thelial cell, which is another major transcriptional regulator of
chemokine genes.

DISCUSSION

In this study, we showed that the expression of MCP-1 and
IL-8 is induced in response to O. tsutsugamushi infection in the
human endothelial cell line HMEC-1. Low levels of MCP-1
and IL-8 RNA messages are expressed constitutively in
HMEC-1 (19). After infection, the MCP-1 and IL-8 gene mes-
sages were induced and peaked transiently between 3 and 6 h.
In endothelial cells, the RANTES mRNAs were expressed at
6 h and gradually increased by 48 h after infection.

Although we did not perform assays to confirm the secretion
of active chemokine proteins following gene induction, several
recent studies have shown a correlation between mRNA ex-
pression and chemokine protein secretion (4, 7). The chemo-
kine genes were induced specifically in response to O. tsutsug-
amushi infection. In the cells treated with L929 cell lysate,
chemokine genes were not induced. Previous studies had al-
ready demonstrated that various cytokines stimulate chemo-
kine expression in vitro (51). We, therefore, examined the role
of newly synthesized proteins in chemokine gene expression.

When the eukaryotic protein synthesis inhibitor (CHX) and O.
tsutsugamushi were added simultaneously to endothelial cell
cultures, MCP-1 and IL-8 mRNA levels were higher than those
of the cells infected with O. tsutsugamushi alone. This indicates
that chemokine induction is not an indirect effect due to prior
induction of proinflammatory cytokines, such as IL-1, which
are known to induce chemokine production in endothelial cells
(7). The superinduction of chemokine genes by CHX treat-
ment may be mediated by preventing the degradation of oth-
erwise labile mRNA or by inhibiting the synthesis of inhibitory
proteins for the induction of chemokine genes (8). Contami-
nation by LPS during the preparation of O. tsutsugamushi was
also examined. It has been previously reported that the O.
tsutsugamushi cell wall component is deficient in LPS (3). In O.
tsutsugamushi-infected endothelial cells, blocking LPS activity
with polymyxin B did not decrease chemokine responses. It
shows that exogenous sources of LPS are not responsible for
the induction of the chemokine genes.

In addition, we tried to investigate rickettsia components
eliciting chemokine responses in endothelial cells. The physi-
cochemical characteristics of the components were analyzed
after O. tsutsugamushi was subjected to heat or UV treatment.
MCP-1 and IL-8 transcript levels did not change significantly
whether cells were treated with live O. tsutsugamushi or with
heat- or UV-treated O. tsutsugamushi. It suggests that the
rickettsia components are heat stable, and that O. tsutsuga-
mushi binding to the endothelial cell surface leads to the acti-
vation of transcription factors. It clearly shows that O. tsutsug-
amushi proliferation within infected endothelial cells is not a
prerequisite for expression of the chemokines. We have pre-
viously reported a similar result in macrophages that were
stimulated either by heat-inactivated or live O. tsutsugamushi
(13). The expression of MCP-1, MIP-2, and MIP-1b in mac-
rophages was not affected by heat-inactivated O. tustusga-
mushi. The stimulatory molecules of O. tsutsugamushi may be
heat-resistant molecules, such as polysaccharides, lipids, or
heat-stable proteins, that are in the outer membrane of the
bacterium. It has been previously reported that the Staphylo-
coccus aureus capsular polysaccharide and the outer surface
lipoprotein A of Borrelia burgdorferi were sufficient to induce
the chemokine genes IL-8 and MCP-1 in both human endo-
thelial cells and monocytes (18, 46). Although the signal trans-
duction pathways involved in chemokine expression during
infection have been poorly elucidated, it is probable that a
tyrosine kinase and MAP kinase pathway play critical roles in
the induction of the IL-8 gene in diverse cells in response to
pathogenic microorganisms (10, 17, 30). In this study, the che-
mokine responses of endothelial cells were elicited by the heat-
stable components of O. tsutsugamushi, but the identity of
these components was not precisely elucidated. Further studies
on O. tsutsugamushi stimulatory components and signal trans-
duction pathways in host cells during rickettsia infection will
provide valuable insight into the mechanisms controlling the
inflammatory responses during O. tsutsugamushi infection.

The transcription factor NF-kB/Rel family plays a central
role in the regulation of a variety of genes involved in host innate
immunity, including the chemokines (21). For the chemokine
genes tested in this study, regulation by NF-kB has either been
demonstrated or is suggested by the presence of the NF-kB
consensus motif in the promoter (9, 35, 49, 51). Furthermore,

FIG. 7. Activation of transcription factor AP-1 in O. tsutsugamshi-
infected HMEC-1 at each indicated time point. A competitive inhibi-
tion assay was performed with nuclear extracts that were preincubated
with either the unlabeled NF-kB (cNF-kB) or the AP-1 (cAP-1) con-
sensus oligonucleotide.
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we have previously reported that O. tsutsugamushi induces an
increase in active NF-kB in the nucleus of macrophages, par-
ticularly the p65-p50 heterodimer (13). Diverse NF-kB activa-
tion inhibitors, such as antioxdants and proteasome inhibitors,
have been used to investigate whether the activation of NF-kB
is involved in the transcriptional activation of inflammatory
genes (6). PDTC, an antioxidant, inhibits the phosphorylation
of IkB (36, 43), a prerequisite for its subsequent proteolytic
degradation. TPCK, an inhibitor of chymotryptic activity asso-
ciated with the proteasome, blocks NF-kB activation by inhib-
iting proteasome-dependent degradation of inhibitory pep-
tides (32). In this study, however, the induction levels of
MCP-1 and IL-8 transcripts in endothelial cells upon O. tsut-
sugamushi infection were not affected by NF-kB activation
inhibitors. According to previous data, the inhibitor concen-
trations used for this study were sufficient to repress NF-kB
activation in endothelial cells (16, 36, 37, 45). The result sug-
gests that induction of the chemokine genes is not mediated by
NF-kB activation. Furthermore, we investigated whether O.
tsutsugamushi infection activates NF-kB in endothelial cells.
To confirm our ability to detect the presence of NF-kB acti-
vation and nuclear translocation, HMEC-1 was stimulated with
LPS. A high level of the LPS-activated NF-kB complex was
observed, which was confirmed by using a supershift assay that
hybridized to anti-NF-kB p65 antibody (Fig. 6B). Taken to-
gether, these results indicate that expression of the MCP-1 and
IL-8 in human endothelial cells upon O. tsutsugamushi infec-
tion is mediated by an NF-kB independent mechanism.

It has been reported that NF-kB activation in human um-
bilical endothelial cells by Rickettsia rickettsii inhibits apoptosis
of endothelial cells and that this provides a possible mecha-
nism that enables host cells to remain as a site for rickettsia
replication (15). However, apoptosis of lymphocytes and an
endothelial cell line infected with O. tsutsugamushi has been
previously reported (24, 28). Additionally, NF-kB activation in
macrophages infected with O. tsutsugamushi was not correlated
with immediate-early apoptotic responses of cells (13, 14). In
this study, activation of NF-kB was not observed in HMEC-1
infected with O. tsutsugamushi.

The transcription factor AP-1 is a dimer composed of the
Fos and Jun members (20). Recently, it has been suggested
that this inducible transcription factor is important in immune
response regulation including cytokine gene expression (20).
AP-1 has also been implicated in the transcriptional regulation
of chemokine genes and adhesion molecules in endothelial
cells (29, 36, 40, 53), particularly in the stimulus-specific and
cell type-specific regulation of chemokine gene transcription.
The differential activation and binding of inducible transcrip-
tion factors, such as AP-1 and NF-kB, seem to provide a
critical regulatory mechanism (29, 40). Although the regula-
tory effects of AP-1 in human endothelial cells is poorly un-
derstood, a recent work demonstrated that the overexpression
of AP-1 in endothelial cells is sufficient to induce adhesion
molecules and chemokine genes through an NF-kB-indepen-
dent mechanism (53). They suggested that AP-1 could play a
key regulatory role, whereby a variety of stimuli activate en-
dothelial cells in a specific pattern of gene expression and
subsequently contribute to the development of vascular patho-
logical processes. In this study, we demonstrate that in HMEC-1
infected with O. tsutsugamushi, the binding activity of the AP-1

was increased as early as 15 min after infection and returned to
basal levels after 8 h. These results suggest the possibility that
AP-1 regulatory proteins mediate the activation of endothelial
cells infected by O. tsutsugamushi through the cognate se-
quence in the promoter regions of target genes (36, 40, 53).
Further studies with site-directed mutagenesis experiments will
help determine if the induction of chemokine genes depends
on the proximal AP-1 site and its flanking sequences and help
identify potential interactions with other sites.

In this work, we report that O. tsutsugamushi induces the
expression of three chemokine genes, those encoding MCP-1,
IL-8, and RANTES, in human endothelial cells. Both RAN-
TES and MCP-1 are known to recruit monocytes and lympho-
cytes preferentially (51). We have previously reported that
RANTES, MIP-1a, MIP-1b, MCP-1, and MIP-2 genes are
induced in O. tsutsugamushi-infected macrophages (13). Be-
sides MIP-2, other chemokines also belong to the CC chemo-
kine subfamily that are potent attractants for monocytes and
lymphocytes (51). These data correlate well with previous re-
sults showing that the infiltration of mononuclear cells is fre-
quently observed in eschar, rashes, and organs that have vas-
cular inflammation (2). The induction of a specific subset of
chemokine genes has been correlated to the subsequent dis-
ease pathogenesis in other pathogenic microorganisms (11, 18,
34, 52). The levels and kinetics of chemokine gene expression
are slightly different from each other in cells infected with
specific pathogenic microorganisms (4, 19). The differences in
chemokine gene induction can partly explain differences in the
population of leukocytes recruited to the site of inflammation
and the pathological changes around the vasculatures (42).
Our results have shown that a specific subset of chemokine
genes are induced in O. tsutsugamushi-infected cells and sug-
gest that the heterogeneous expression of chemokines may be
due to differential activation of inducible transcription factors
such as NF-kB and AP-1. The differential activation of induc-
ible transcription factors could critically influence the site-
specific recruitment of distinct leukocyte subsets to sites of
inflammation and partly explains differences in pathology due
to the infecting organism in vivo.
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