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Apoptotic host cell death is a critical determinant in the progression of microbial infections and outcome of
resultant diseases. The potentially fatal human infection caused by Rickettsia rickettsii, the etiologic agent of
Rocky Mountain spotted fever, involves the vascular endothelium of various organ systems of the host. Earlier
studies have shown that survival of endothelial cells (EC) during this infection depends on their ability to
activate the transcription factor nuclear factor kB (NF-kB). Here, we investigated the involvement of caspase
cascades and associated signaling pathways in regulation of host cell apoptosis by NF-kB. Infection of cultured
human EC with R. rickettsii with simultaneous inhibition of NF-kB induced the activation of apical caspases
8 and 9 and also the executioner enzyme, caspase 3, whereas infection alone had no significant effect. Inhibition
of either caspase-8 or caspase-9 with specific cell-permeating peptide inhibitors caused a significant decline in
the extent of apoptosis, confirming their importance. The peak caspase-3 activity occurred at 12 h postinfection
and led to cleavage of poly(ADP-ribose) polymerase, followed by DNA fragmentation and apoptosis. However,
the activities of caspases 6 and 7, other important downstream executioners, remained unchanged. Caspase-9
activation was mediated through the mitochondrial pathway of apoptosis, as evidenced by loss of transmem-
brane potential and cytoplasmic release of cytochrome c. These findings suggest that activation of NF-kB is
required for maintenance of mitochondrial integrity of host cells and protection against infection-induced
apoptotic death by preventing activation of caspase-9- and caspase-8-mediated pathways. Targeted inhibition
of NF-kB may therefore be exploited to enhance the clearance of infections with R. rickettsii and other
intracellular pathogens with similar survival strategies.

Endothelial cells (EC), an important component of the ves-
sel wall, occupy a strategic location between the blood and
extravascular space and participate in the regulation of diverse
functions, including vascular tone, angiogenesis, inflammatory
responses, and maintenance of normal hemostasis. The rick-
ettsial disease Rocky Mountain spotted fever is caused by the
obligatory intracellular bacterium Rickettsia rickettsii, and the
pathologic sequelae are primarily due to infection-induced
changes in EC properties (43). During rickettsioses caused by
R. rickettsii and Rickettsia conorii, EC display an “activated”
phenotype, with changes in von Willebrand factor release and
adhesive properties for platelets (31, 33), gene expression for
proinflammatory and procoagulant proteins (9, 16, 34-36), and
activation of NF-kB (37).

NF-«B is a ubiquitous transcriptional factor that regulates
cell growth, cell-to-cell communication, migration, and ampli-
fication or spreading of primary pathogenic signals (3, 40). A
number of viral and bacterial products induce the expression of
early response genes in their eukaryotic host cells through the
NF-kB family of transcription factors (15, 21, 24, 25). NF-«B is
retained in the cytoplasm by binding to inhibitors of kB (IkB)
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proteins, of which IkBa is the most abundant and most thor-
oughly characterized. The classical signaling pathway for
NF-kB activation encompasses phosphorylation of IkBa on
two specific serine residues (Ser 32 and Ser 36) by the IkB
kinase complex, followed by polyubiquitination and degrada-
tion by the 26S proteasome. Increasing evidence suggests that
NF-kB can serve as either a pro- or antiapoptotic mediator
(17). In this context, it plays an essential role in protection
from apoptosis induced by tumor necrosis factor alpha (TNF-
a), radiation, and chemotherapy (5, 44, 47). With an in vitro
model system, our laboratory has shown that NF-kB-depen-
dent inhibition of apoptosis is critical for the survival of host
cells during R. rickettsii infection, enabling the cell to persist as
a site for bacterial replication (8).

The caspase family of proteases mediate many features of
apoptosis. These enzymes are synthesized and maintained in-
tracellularly as catalytically inert proenzymes and comprise a
large and a small subunit with a variable amino-terminal
prodomain. Their activation requires loss of the prodomain by
catalytic cleavage of a carboxyl-terminal aspartate, followed by
heterodimerization of the large and small subunits into an
active enzyme (27). Many apoptotic responses are initiated by
activation of apical caspase-8 or caspase-9, the former by the
tumor necrosis factor receptor family or Fas (6, 26), and the
latter by release of cytochrome ¢ following mitochondrial dam-
age (39). Activity of either results in activation of downstream
or effector caspases, such as caspase-3, caspase-6, and



4128 JOSHI ET AL.

caspase-7. These in turn cause cellular disassembly by cleavage
of other death substrates and nucleoproteins, including poly-
(ADP-ribose) polymerase (PARP) (20), lamin (28), and the
caspase-activated DNase/DNA fragmentation factor (CAD/
DFF) complex (22). The result is fragmentation of cellular
DNA and cell death (42).

The present study was undertaken to characterize the spe-
cific apoptotic mechanisms activated in response to R. rickettsii
and to investigate their regulation by infection-induced NF-«B.
The results suggest that proapoptotic signaling during R. rick-
ettsii infection involves activation of effector caspase-3 via up-
stream activation of caspases 8 and 9. Also, the antiapoptotic
functions of activated NF-kB appear to be mediated through
suppression of the caspase cascade and preservation of mito-
chondrial integrity.

MATERIALS AND METHODS

Cell culture. Cultures of human umbilical vein EC were established as previ-
ously described (13, 45). Cells were grown at 37°C in antibiotic-free McCoy’s 5a
medium (Flow Laboratories, McLean, Va.), supplemented with fetal bovine
serum (20%, vol/vol), endothelial cell growth supplement (50 pg/ml; Collabora-
tive Research Inc., Bedford, Mass.), L-glutamine, and heparin (100 pg/ml; Sigma
Chemical Co., St. Louis, Mo.). Near-confluent cultures of EC at second passage
were used for various experiments. Wild-type and IkBa dominant negative
mutant-expressing T24 bladder carcinoma cells were grown in a humidified 5%
CO, incubator at 37°C until ~80% confluent. The cells were cultured in RPMI
1640 medium (Life Technologies Inc., Rockville, Md.) supplemented with L-
glutamine, geneticin (400 wg/ml; Life Technologies Inc.), and heat-inactivated
fetal bovine serum (10%). Geneticin was withdrawn from the medium about 24 h
prior to infection and/or treatment.

R. rickettsii infection and treatment of cultured cells. A plaque-purified seed
stock (1 X 107 to 5 X 107 PFU of R. rickettsii [Sheila Smith strain] per ml) was
prepared from infected Vero cells as described earlier (8, 37). The endothelial or
T24 carcinoma cells were infected with approximately 5 X 10* to 6 X 10* PFU
of R. rickettsii diluted in 80 pl of culture medium for every square centimeter of
cell culture area. After incubation for 2 h, the medium containing infective
organisms was aspirated, and the cell monolayer was washed twice to remove
Vero cell debris and then retained in fresh culture medium for the remainder of
infection. Infection of EC plated on Thermanox coverslips (Nalge-Nunc Inter-
national, Naperville, I1l.) was monitored in parallel by staining with polyclonal
antirickettsia serum (Centers for Disease Control and Prevention, Atlanta, Ga.)
by indirect immunofluorescence as described before (35, 45). Each cell displaying
positive staining for at least two adherent and/or intracellular rickettsiae was
counted as infected, and in a typical experiment, about 60 to 80% of the EC were
infected at 6 h. The proteasome inhibitor MG132 (carbobenzoxy-L-leucyl-L-
leucyl-L-leucinal) was from Peptide International (Louisville, Ky.). EC were
exposed to MG132 (25 wM) for 30 min prior to infection. As reported previously,
treatment with up to 50 uM MG132 had no significant effect on the initial rate
or extent of infection (8, 29). In some experiments, incubation with staurosporine
(2 pM) or etoposide (300 uM) was included as a positive control for induction
of apoptosis.

Caspase activity assays. EC were left uninfected or infected for different
durations in the presence or absence of MG132 or treated with staurosporine or
etoposide (positive controls for caspase assays). Cells were washed with ice-cold
phosphate-buffered saline (PBS) total protein extracts were prepared, and pro-
tein contents of lysates were determined by the Bradford assay (Bio-Rad, Her-
cules, Calif.). Activity assays for caspase-3, caspase-6, and caspase-8 were per-
formed with colorimetric assay kits (Calbiochem, San Diego, Calif.).

Western blot analyses. Total protein extracts from EC or T24 bladder carci-
noma cells were prepared in lysis buffer (50 mM HEPES [pH 7.0], 250 mM NaCl,
0.1% Nonidet P-40, 5 mM EDTA, 1 mM dithiothreitol, and 1 mM phenylmeth-
ylsulfonyl fluoride) supplemented with protease and phosphatase inhibitor cock-
tails (Sigma). After 15 min of incubation at 4°C, the lysates were cleared by
centrifugation at 13,000 X g for 10 min. Equal amounts of total protein were
subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) on 12% gels and then transferred to nitrocellulose membranes (Bio-
Rad). The membranes were probed with primary antibodies specific for human
caspase-3, caspase-7, and cleaved PARP (Cell Signaling Technology, Beverly,
Mass.). The protein-antibody complexes were visualized with peroxidase-conju-
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gated secondary antibodies (Santa Cruz Biotechnology Inc., Santa Cruz, Calif.)
and enhanced chemiluminescence detection system (Perkin Elmer Life Sciences,
Boston, Mass.). For a loading control, the blots were subsequently stripped and
probed with mouse monoclonal anti-a-tubulin antibody (human-reactive clone
B-5-1-2; Accurate Chemical and Scientific Corporation, Westbury, N.Y.).

Immunofluorescent staining. EC plated on gelatin-coated glass coverslips
were infected with R. rickettsii in the presence or absence of NF-«B inhibitor or
treated with an apoptosis-inducing agent. The cells were then washed with
ice-cold PBS and fixed with either 3.7% (vol/vol) formaldehyde or 4% (wt/vol)
paraformaldehyde for 20 min at 25°C. Following permeabilization with 0.5%
Triton X-100 for 20 min at 25°C, cells were incubated with primary antibodies at
37°C for 30 min in a humidified chamber for specific detection of cleaved
caspase-3, cleaved PARP, cleaved caspase-8, cleaved caspase-9 (1:50 dilution;
Cell Signaling Technology), and cytochrome ¢ (1:200 dilution; BD Pharmingen,
San Diego, Calif.). The antibodies were routinely diluted in a blocking solution
containing 2% ovalbumin in PBS. The immunofluorescent detection was per-
formed by incubating with a rhodamine-conjugated goat anti-rabbit or anti-
mouse IgG (Calbiochem, San Diego, Calif.) or Texas Red-conjugated anti-
mouse IgG (Southern Biotechnology Associates Inc., Birmingham, Alla.), which
were used at a dilution of 1:100. Finally, the coverslips were mounted on a glass
slide with Biomedia gel mount and Fluoromount G (Electron Microscopy Sci-
ences, Fort Washington, Pa.) and examined under a fluorescent microscope
(Nikon Eclipse E-800) attached to a Spot digital image system. The images were
analyzed with Windows-based Spot software, version 3.04 (Diagnostic Instru-
ments Inc., Sterling Heights, Mich.).

In situ detection of DNA fragmentation. The extent of apoptosis of EC was
determined by a terminal deoxynucleotidyl transferase-mediated digoxigenin-
dUTP nick-end labeling (TUNEL) assay with the ApopTag-Fluorescein in situ
apoptosis detection kit (Intergen Company, Purchase, N.Y.) as described earlier
(8). Briefly, the cells were fixed in 3.7% formaldehyde, rinsed with PBS, incu-
bated with terminal deoxynucleotidyl transferase and digoxigenin-dUTP, and
stained with fluorescein-conjugated antidigoxigenin antibody. The coverslips
were mounted on a slide with gel mount solution, after which propidium iodide
counterstain (3 pg/ml) was applied. The number of positively stained nuclei was
determined by analysis of digitized images of TUNEL staining, which were
captured with Spot image software and stored as TIFF files in Adobe Photoshop
version 5.0. A minimum of 500 cells located in multiple, randomly selected fields
were counted for each condition in three different sets of experiments, and data
were calculated as the arithmetic mean values of percent TUNEL-positive cells.

Live-dead assay. Viable and apoptotic cells were distinguished by the live-dead
double staining kit (Oncogene Research Products, San Diego, Calif.) following
the manufacturer’s instructions. After infection with R. rickettsii or exposure to
apoptosis inducers, the cells on coverslips were stained and observed under a
fluorescent microscope to detect healthy cells, which capture the cell-permeating
cytodye, fluorescing green, and the apoptotic cells, which capture both the cell-
permeating cytodye and the nonpermeating propidium iodide (red).

Caspase-8 and caspase-9 inhibition studies. EC were exposed for 30 min to
the cell-permeating caspase-8 inhibitor Ac-Ala-Ala-Val-Ala-Leu-Leu-Pro-Ala-
Val-Leu-Leu-Ala-Leu-Leu-Ala-Pro-Ile-Glu-Thr-Asp-CHO or the caspase-9 in-
hibitor ~Ac-Ala-Ala-Val-Ala-Leu-Leu-Pro-Ala-Val-Leu-Leu-Ala-Leu-Leu-Ala-
Pro-Leu-Glu-His-Asp-CHO (Calbiochem), where Ac is acetyl and CHO is
aldehyde. Following this, cells were infected with R. rickettsii in the presence or
absence of MG132 and maintained in the presence of the inhibitor for caspase-8
or caspase-9 for the duration of the experiment. The cells were then fixed, and
the extent of apoptosis was determined by TUNEL staining as described above.

Mitochondrial transmembrane potential change detection. The Mito-Capture
mitochondrial apoptosis detection kit (Alexis Biochemicals, San Diego, Calif.)
was used to detect changes in the mitochondrial membrane potential of EC
during infection and treatment with inducers of apoptosis. This assay is based on
differential uptake of a cationic dye in the mitochondria of healthy versus apo-
ptotic cells. Multiple, randomly selected fields for each experimental condition
were analyzed as detailed above.

Statistical analysis. Most of the data sets in this study were calculated as a
percentage of the corresponding control levels. ¢ test analysis was performed with
two-tailed distribution and two-sample unequal variance, and the results were
considered statistically significant at P < 0.05.

RESULTS

Cleavage of downstream caspases. The cell death pathway
induced by R. rickettsii and the protective functions of NF-«kB
activation in host cell apoptosis were investigated with primary
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FIG. 1. Activation of caspase-3 during R. rickettsii-induced apoptosis. EC were infected with R. rickettsii (=5 X 10* PFU/cm?) for 2 h, after
which extracellular bacteria were removed by washing and the cells were incubated further as indicated. NF-kB activation was attenuated by
incubating with MG132 (25 pwM), an inhibitor of proteasome function, for 30 min prior to and during the infection. (A) Analysis of caspase-3
activity in EC extracts, with DEVD-pNA as the chromogenic substrate. EC were left untreated (control), treated with MG132 (MG), or infected
in the absence (RR) or presence (RR + MG) of MG132. Measurements of caspase activity were performed at 6 h, 12 h, 18 h, and 24 h. The
baseline values (mean = SEM) for untreated-uninfected cells at these times were 0.010 = 0.001, 0.018 = 0.003, 0.022 * 0.004, and 0.025 = 0.005
absorbance units, respectively. For comparison, the activity level in controls was assigned a value of 1, and the results are presented as mean *
SEM from three independent experiments. (B) Western blot analysis of caspase-3 at different times postinfection. (C) Indirect immunofluorescent
staining for detection of cleaved caspase-3 at 12 h. The conditions were (i) uninfected EC, (ii) EC exposed to MG132, (iii) EC infected with R.
rickettsii, and (iv) EC infected with R. rickettsii in the presence of MG132. Arrowheads indicate cells that are positive for the cleaved caspase-3
fragment and exhibit morphologic features of apoptosis. (D) Western blot analysis of cell extracts from wild-type (empty LXSN vector) and IkBa
mutant-expressing T-24 cells, showing processing of procaspase-3 after 6 h of infection. Exposure of cells to staurosporine (STS) was included as
a positive control. Equal amounts of protein were resolved on 12% polyacrylamide gels, blotted to a nitrocellulose membrane, probed with an
anticaspase-3 antibody, and visualized by chemiluminescent detection.
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FIG. 2. Cleavage of PARP during R. rickettsii infection of EC. (A) Western blot analysis for detection of cleaved PARP at different times after
infection with R. rickettsii in the presence and absence of the NF-kB inhibitor MG132. (B) Immunofluorescent staining of cleaved PARP at 12 h
in (i) uninfected EC, (ii) MG132-treated cells, (iii) cells infected with R. rickettsii, and (iv) R. rickettsii-infected cells in the presence of MG132.
Arrowheads point to cells positive for PARP cleavage and morphological changes characteristic of apoptotic death.

cultures of EC. MG132, a peptide aldehyde compound and
competitive inhibitor of proteasome activity, was used because
it specifically and completely inhibits the early phase of the
Rickettsia-induced NF-kB response, and the onset of endothe-
lial apoptosis due to this blockade is dependent on intracellular
infection (8, 29). Although proteasome inhibitors are known to
induce apoptosis in tumor cells by activating specific caspases
(50, 51), it remains largely unknown whether similar or differ-
ent interactions occur between the ubiquitin-proteasome path-
way and components of the caspase cascade in cultured human
EC. Therefore, we initially examined the contribution of down-
stream executioner caspases in EC infected with R. rickettsii
(=6 X 10* PFU/cm?) for 6, 12, 18, and 24 h in the presence and
absence of MG132. Cell extracts were analyzed for the levels of
caspase-3 and caspase-6 activity with Ac-DEVD-para-nitroani-
line (pNA) and VEID-pNA as the respective specific chromo-
genic substrates.

Although R. rickettsii alone caused a minimal induction of
caspase-3 activity, incubation with MG132 resulted in a statis-
tically significant increase in caspase-3 activity, most evident at
18 and 24 h. At 6 and 12 h post infection, the presence of
MG132 resulted in a higher activity of caspase-3 in comparison
to treatment with MG132 (P = 0.017 and 0.027, respectively)
or infection with R. rickettsii alone (P = 0.013 and 0.016,
respectively) (Fig. 1A). Western blot analysis with an antibody
to detect both the native (procaspase) and active forms of

caspase-3 revealed the presence of ~20-kDa and ~17-kDa
forms of active caspase-3 after 6 h of R. rickettsii infection with
MG132 (Fig. 1B). Depletion of the ~32-kDa procaspase-3 was
also evident at later times during infection and appeared to
correspond with the induction of caspase-3 activity. These find-
ings were supported by an in situ immunofluorescent staining
assay with an antibody specific for cleaved caspase-3 (Fig. 1C).

Assay of enzymatic activity at 6, 12, 18, and 24 h postinfec-
tion and immunoblot analysis indicated no alteration in the
activation pattern of caspase-6 during R. rickettsii infection.
Also, cleavage of native caspase-7 to its active form was not
noted during infection in either the presence or absence of
NF-kB activation (not shown). The involvement of NF-xB
activation in R. rickettsii-induced cell apoptosis was further
confirmed with T24 bladder carcinoma cells, which express a
phosphorylation mutant of IkBa. Figure 1D shows significant
depletion of native caspase-3 in IkBa mutant cells after infec-
tion for 6 h with R. rickettsii. Probing with anti-a-tubulin anti-
body confirmed no significant variations in the loading of pro-
tein among different samples (not shown). Together, these
results indicate activation of caspase-3 as the major effector
mechanism responsible for apoptotic signaling triggered by
Rickettsia infection in cells rendered incapable of NF-«kB acti-
vation.

Cleavage of PARP Caspase-3-mediated cleavage of the 116-
kDa polypeptide PARP to its characteristic 89-kDa fragment
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FIG. 3. Induction of EC apoptosis during R. rickettsii infection. EC were infected for 12 h with or without concurrent inhibition of NF-«kB
response, followed by in situ detection of apoptosis. Panels represent (i) no treatment, (ii) incubation with MG132, (iii) infection with R. rickettsii,
and (iv) infection in the presence of MG132. (A) TUNEL staining showing apoptotic nuclei with a condensed appearance (arrowheads).
(B) Live-dead assay distinguishes normal and apoptotic cells. Healthy cells acquire green cell-permeating cytodye, while apoptotic cells (indicated
by arrowheads) capture both the cytodye and the nonpermeating propidium iodide, resulting in orange fluorescence.

prevents futile DNA repair cycles and is considered a distinct
marker of apoptosis (20). Western blot analysis with an anti-
body specific for the 89-kDa fragment of PARP revealed that
EC infection for up to 18 h had no effect on PARP cleavage.
Treatment with MG132 (25 pM) resulted in minimal cleavage
only after 12 h. Proteolysis of native PARP, however, was
clearly evident in the cells infected for 6 and 12 h in the
presence of MG132 (Fig. 2A). Densitometric analysis showed
a significant increase in proteolysis of PARP in lysates from EC
infected with R. rickettsii in combination with the inhibition of
NF-kB activation. This pattern of PARP cleavage was consis-
tent with the kinetics of induction of caspase-3 activity. Stain-
ing with Hoechst 33342 dye and microscopic analysis con-
firmed that infection of cells with simultaneous exposure to
MG132 caused nuclear condensation, chromatin margination,
and oligonucleosomal DNA fragmentation (not shown). Fur-
ther studies revealed elevation in the accumulation of cleaved
PARP, as evidenced by enhanced staining of the 89-kDa frag-
ment of PARP in NF-kB-blocked and R. rickettsii-infected cells
(Fig. 2B).

Detection of apoptotic cells. TUNEL analysis was used to
further evaluate the extent of apoptosis (8), revealing that R.
rickettsii infection resulted in extensive apoptosis in the pres-
ence of MG132 (Fig. 3A, panel iv). Quantitation demonstrated
a significant increase in apoptotic cells during R. rickettsii in-
fection in the presence of MG132 in comparison to those
treated with MG132 or infected with R. rickettsii alone (P <
0.001). Double staining with a membrane-permeating cytodye
and impermeant propidium iodide to discriminate between live
and dead cells also yielded similar results (Fig. 3B). Analysis of
data obtained from this study indicated that infection with
continued blockade of NF-«kB activation caused a significant
population (ranging from about 32 to 38%) of EC to acquire
both dyes, indicating loss of viability.

Involvement of caspase-8. To determine whether activation
of caspase-8 contributes to infection-induced apoptosis, in situ
detection was carried out by immunofluorescent microscopy
with an antibody specific for the 10-kDa fragment of cleaved
caspase-8 (Fig. 4A). Caspase-8 was activated in EC infected in
the presence of MG132 but not in cells either infected or
exposed to MG132 alone. Morphologic evidence of apoptosis
and positive staining for cleaved caspase-8 were evident in
infected cells treated with MG132 and in positive controls
treated with etoposide (Fig. 4A, panels iv and v).

To confirm the involvement of this enzyme, a cell-permeat-
ing peptide inhibitor of caspase-§, IETD-CHO, was used.
Quantitation following TUNEL staining showed that R. rick-
ettsii infection caused apoptosis of 9% = 1% and 36% = 2% of
total EC in the absence and presence of MG132, respectively
(P < 0.005). The presence of the caspase-8 inhibitor, however,
reduced the percentage of apoptotic cells under similar condi-
tions to mean values of 3% and 12%, respectively (P < 0.005).
In cells infected in the presence of MG132, caspase-8 activity
as measured with IETD-pNA as a specific substrate, was found
to be increased by 84% = 37% in comparison to those treated
with MG132 alone and by 70% = 20% over R. rickettsii infec-
tion alone (not shown). Taken together, these results demon-
strate that activation of caspase-8 is an important upstream
signaling event for the induction of EC apoptosis during Rick-
ettsia infection.

Involvement of mitochondria. Mitochondria play an impor-
tant role in programmed cell death, and many inducers of
apoptosis trigger the release of mitochondrial cytochrome ¢
into the cytoplasm (39). To explore if mitochondrial integrity
was compromised during infection-induced apoptosis, we in-
vestigated changes in transmembrane potential (Aym) by mi-
tocapture staining. R. rickettsii infection for 12 h with concur-
rent inhibition of NF-«kB activation resulted in the disruption
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FIG. 4. Activation of caspase-8 during R. rickettsii-induced EC apoptosis. (A) Immunofluorescent detection of caspase-8 activation. The
conditions in panels i through iv are identical to those in Fig. 3. Panel v is a positive control showing activation of caspase-8 in EC exposed to
etoposide (300 pM). Arrowheads point to activated caspase-8-positive cells. (B) Effect of a specific inhibitor of caspase-8, IETD-CHO, on
infection-induced apoptosis. EC were treated with 10 uM IETD-CHO (I-8) in the presence or absence of MG132, followed by infection with R.
rickettsii. Quantitation of apoptosis was performed by TUNEL analysis as described in the text. A total of 500 cells were enumerated for each
condition. Results are expressed as the mean percentage of apoptotic cells = SEM from three independent experiments.

of Aym, whereas either infection or inhibition of NF-kB alone
had no significant effect (Fig. 5A). As a positive control, EC
were exposed to staurosporine (1 wM for 6 h), and this treat-
ment caused nearly complete depolarization of the mitochon-
drial membrane (Fig. 5A, panel v).

The mitochondrial damage was also monitored by in situ
staining for the release of cytochrome c¢ into the cytoplasm,
with identical treatment with staurosporine as a positive con-
trol. In comparison to conditions wherein cells were either
infected or treated with MG132 alone, a significant amount of
cytochrome c release occurred when EC were infected with R.
rickettsii in the presence of MG132 (Fig. 5B). These findings
indicate the involvement of mitochondrial signal mechanisms
during apoptosis triggered by R. rickettsii infection with con-
current inhibition of NF-«B.

Activation of caspase-9. The participation of mitochondria
in apoptotic mechanisms often leads to the recruitment of
procaspase-9 and activation of caspase-9 via the cytochrome ¢
apoptosis protease-inducing factor-1 (Apaf-1) apoptosome
pathway (7, 39). Therefore, we next investigated whether
caspase-9 is involved in EC apoptosis due to infection with R.
rickettsii. with a specific antibody against the 37-kDa fragment
of cleaved caspase-9, EC subjected to MG132 treatment or
infection with R. rickettsii alone exhibited minimal activation of
caspase-9, whereas cleaved caspase-9 accumulated in EC in-
fected in the presence of MG132 (Fig. 6A). The extent of
caspase-9 activation was similar to that caused by staurospor-
ine exposure, which was included as a positive control (Fig. 6A,
panel v). We then investigated the effect of LEHD-CHO, a
cell-permeating inhibitor of caspase-9, on the extent of apo-
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FIG. 5. Mitochondrial alterations during R. rickettsii-induced endothelial apoptosis. (A) Mitocapture staining to determine the status of
mitochondrial transmembrane potential (Aym) during EC infection. Representative images of (i) untreated and uninfected, (ii) MG132-treated,
(iii) R. rickettsii-infected, (iv) infected and MG132-treated cells, and (v) staurosporine-treated (positive control) cells. The mitocapture dye yields
fluorescence and accumulates in mitochondria of healthy cells. Note the absence of dye uptake in panels iv and v, indicating disruption of Aym.
(B) Immunofluorescence analysis of cytochrome ¢ distribution under similar experimental conditions. Diffuse staining in iv and v indicates release
of cytochrome ¢ from mitochondria, whereas the punctate staining in panels i, ii, and iii indicates mitochondrial localization of cytochrome c.

ptosis by scoring TUNEL-positive cells following inhibition of
caspase-9 (Fig. 6B). LEHD-CHO caused a 30% reduction
(P < 0.001) in the population of apoptotic EC infected in the
presence of MG132.

DISCUSSION

The regulation of cellular apoptosis is a complex physiolog-
ical process involving a multitude of trigger signals and regu-
latory proteins (7). Indeed, the activation or prevention of
apoptosis may serve as a crucial determinant in the outcome of
an infection. Recent efforts to understand the molecular basis
of pathogenicity have led to the realization of unique capabil-
ities of infectious bacteria to establish intricate interactions
with the components of host cell signaling pathways and sub-
vert normal host defense responses (11, 40). For example,
manipulation of the host cell apoptotic machinery to ensure
survival is critically important for an obligate parasite depen-
dent on the viable host cell environment for its growth and
replication (14). Organisms belonging to the spotted fever
group Rickettsia species infect EC and alter their phenotype to
subvert normal apoptotic mechanisms which could eliminate
the intracellular infection (8).

The transcription factor NF-kB modulates the expression of
genes involved in cell proliferation and programmed cell
death, generally inhibiting apoptosis induced by cytokines and
chemotherapeutic agents (5, 17, 21, 44, 47). We have previ-
ously reported that R. rickettsii infection of EC activates NF-
kB, and pharmacologic or genetic inhibition of this host re-
sponse results in enhanced apoptosis (8, 37). To identify the

mechanisms underlying the antiapoptotic functions of NF-«B
during Rickettsia infection, we focused on the role of apical and
effector caspases. The executioner caspases 3, 6, and 7 perform
distinct, nonredundant roles during the demolition phase of
apoptosis (32). The results presented project caspase-3 as the
likely candidate to mediate infection-induced apoptosis of EC,
as evidenced by both increased protease activity and proteo-
lytic cleavage of the proenzyme to yield p20 and p17 subunits
(Fig. 1 and 2). In agreement with the kinetics of apoptosis
induction, the activity of caspase-3 appears to peak in cells
infected with R. rickettsii for about 12 h and is accompanied by
cleavage of PARP, an enzyme responsible for conversion of
NAD to nicotinamide and protein-linked ADP-ribose poly-
mers (20). Cleavage of procaspase-3 in T24 cells expressing a
dominant negative mutant of IkBa but not in wild-type cells
transfected with the empty vector further confirms activation
of caspase-3 as the terminal event and the participation of
NF-«B in the prevention of apoptosis.

Depending on the stimulus, the activation of caspase-3 dur-
ing apoptosis can be regulated by multiple distinct pathways,
culminating in the activation of apical caspase-8 or caspase-9.
Ligation of death receptors such as Fas/CD95 initiates one
such mechanism that governs the processing of procaspase-8 to
caspase-8 (6, 7, 26). Another distinct pathway is mediated by
alteration of mitochondrial integrity with disruption of mem-
brane potential (Aym) leading to the cytoplasmic release of
apoptosis-inducing proteins, including cytochrome c. Binding
of cytochrome ¢ to Apaf-1 then stimulates the processing of
procaspase-9 to yield active caspase-9 (7, 39). Our findings
suggest that inhibition of NF-kB during Rickettsia infection
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FIG. 6. Activation of caspase-9 during R. rickettsii-induced EC apoptosis. (A) Indirect immunofluorescence-based detection of caspase-9
activation. The experimental conditions in panels i through iv are identical to those in Fig. 3. Panel v represents a positive control showing
activation of caspase-9 in EC exposed to staurosporine (2 wM). Arrowheads point to cells with activated caspase-9. (B) Effect of a specific inhibitor
of caspase-9, LEHD-CHO, on infection-induced apoptosis. EC were treated with 10 uM LEHD-CHO (I-9) in the presence of absence of MG132,
followed by infection with R. rickettsii. Quantitation of apoptosis was performed by TUNEL analysis of at least 500 cells for each condition. Results
are expressed as the mean percentage of apoptotic cells = SEM from three independent experiments.

results in the disruption of Aym, causing generation of active
caspase-9 and simultaneous induction of caspase-8 activity.
Although inhibition of these caspases reduced the extent of
apoptosis, complete inhibition could not be achieved by either
the caspase-8- or caspase-9-specific inhibitor alone. Therefore,
it appears that both of these upstream mechanisms contribute
to the activation of caspase-3 subsequent to infection with
NF-«B blockade.

The ability of microbes to modulate apoptotic mechanisms
may be a frequent and important contributor to pathologic
effects and virulence. Several pathogenic bacteria and secreted
toxins, e.g. Helicobacter pylori and staphylococcal alpha toxin,
trigger apoptosis of host cells in vitro and in vivo via caspase-8
and caspase-9, followed by cleavage and activation of caspase-3
(2, 4, 30). Conversely, the ability of intracellular pathogens to
establish strategies for the inhibition of host cell apoptosis

mechanisms have also been recognized. Viruses reportedly
carry genes encoding products capable of interference with the
cellular apoptosis system (41). Recent studies have shown that
the facultative intracellular bacterium Salmonella enterica se-
rovar Typhimurium activates the Akt prosurvival pathway in
epithelial cells via effector SigD, and lipoarabinomannan from
virulent Mycobacterium tuberculosis upregulates a signaling
pathway involved in the protection of macrophages during
infection (23, 38). Similarly, intracellular infection with human
granulocytic ehrlichiosis agent inhibits apoptosis of neutrophils
(49), and the antiapoptotic activity of gram-negative Bartonella
enables escape from host defenses, providing important clues
to their ability to induce vascular proliferation in vivo (19).
The detailed mechanisms through which infecting organisms
cause alterations in apoptosis likely vary but have been care-
fully examined for obligate intracellular bacteria belonging to
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the genus Chlamydia. Cells infected with C. trachomatis are
profoundly resistant to exogenous and immunological agents
capable of inducing apoptosis, and this protection correlates
with the inhibition of mitochondrial cytochrome ¢ release and
downstream caspase activation (10). Furthermore, rescue of
human monocytic Mono Mac-6 cells during C. pneumoniae
infection requires activation of NF-kB (46), whereas no NF-
kB-dependent factors are involved in the protection of HeLa
cells against infection-induced apoptosis (12). Thus, different
species of chlamydiae possess the ability to inhibit host cell
apoptosis. It is very interesting, however, that the outcome of
infection is dependent, at least in part, on specific character-
istics of the cell type, including the state of transcriptional
activation (14).

The molecular interactions between caspases and NF-«B
play an integral role in the cellular response to soluble inflam-
matory stimuli, including TNF-«. Binding of TNF to its recep-
tor stimulates both the caspase cascade and translocation of
NF-«kB to the nucleus (1), but inhibition of NF-«kB activity
results in a marked increase in TNF-a-induced cytotoxicity (5,
44, 47). Integration of alpha or beta interferon-induced NF-«xB
into a signaling pathway that promotes cell survival against a
variety of apoptotic stimuli has also been observed (48), and
induction of NF-kB translocation by human T-lymphotropic
virus type 1 Tax protein contributes to inhibition of the caspase
cascade (18). In the unique setting of intracellular parasitism,
which utilizes infection of host cells by R. rickettsii to induce
both proapoptotic and antiapoptotic signals, our results are in
agreement with prior observations and indicate regulation of
caspase cascade activation and mitochondrial apoptosis path-
way by NF-kB. Furthermore, these results support the emerg-
ing concept of existence of a complex interrelationship be-
tween activities of regulatory transcription factors and survival
mechanisms during host-parasite interactions.

In conclusion, the present study demonstrates that inhibition
of NF-«kB during R. rickettsii infection sensitizes host endothe-
lial cells to apototic death. The mechanisms for this phenom-
enon involve activation of effector caspase-3 through upstream
caspases 8 and 9, along with the loss of mitochondrial polarity
and cytosolic release of cytochrome c. Further detailed inves-
tigations to identify and characterize the bacterial compo-
nent(s) responsible and determination of the balance between
host cell proapoptotic and antiapoptotic factors should provide
new information useful towards understanding the progression
of rickettsial infections. This may lead to the identification of
special targets for the development of new and supplemental
therapeutic interventions in human disease.
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