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Anthrax lethal toxin (LT) was previously shown to enhance
transcriptional activity of NF-�B in tumor necrosis factor-�-
activated primary human endothelial cells. Here we show that
this LT-mediated increase in NF-�B activation is associated
with the enhanced degradation of the inhibitory proteins I�B�
and I�B� but not I�B�. Moreover, this was accompanied by
enhanced activation of the I�B kinase complex (IKK), which is
responsible for targeting I�B proteins for degradation. Impor-
tantly, LT enhancement of I�B� degradation was completely
blocked by a selective IKK� inhibitor, whereas I�B� degrada-
tion was attenuated, suggesting a mechanistic link. Consistent
with the above data, LT-cotreated cells show elevated phospho-
rylation of two IKK substrates, I�B� and p65, both of which
were blocked by incubationwith the IKK� inhibitor. Consistent
withNF-�B activation, LT increased transcription of theNF-�B
regulated gene CD40. Conversely, LT inhibited transcription of
another NF-�B-regulated gene, CCL2. This inhibition was
linked to the LT-mediated suppression of another CCL2-regu-
lating transcription factor, AP-1 (activator protein-1). These
data suggest that LT-mediated enhancement of NF-�B is IKK-
dependent, but importantly, the net effect of LT on the tran-
scription of proinflammatory genes is driven by the cumulative
effect of LT on the particular set of transcription factors that
regulate a given promoter. Together, these findings provide new
mechanistic insight on howLTmay disrupt the host response to
anthrax.

Anthrax is a disease caused by the Gram-positive spore-
forming bacterium Bacillus anthracis. Many of the symptoms
of systemic anthrax can be attributed to the action of anthrax
toxin, which is made up of three secreted proteins, protective
antigen (PA),2 and lethal factor (LF), which combine to form

lethal toxin (LT), and edema factor (EF), which combines with
PA to form edema toxin (1, 2). PA binds to the cell-surface
receptorsANTXR1 andANTXR2, leading to endocytosis of the
enzymatic moieties EF and LF (3). Once in the cytosol, EF is a
calcium-calmodulin-dependent adenylate cyclase, causing
accumulation of the secondary signaling molecule cAMP (4).
LF is a zinc metalloprotease that cleaves proteins of the MEK
family, disrupting MAPK signaling (5, 6).
The highmortality resulting from systemic anthrax infection

is generally associated with profound vascular pathologies,
including vascular leakage, edema, hemorrhage, vasculitis, and
a poor immune response (7–9). Importantly, many of these
symptoms are also observed in animals treatedwith purified LT
(10–14). In addition, toxin receptor expression appears to be
enriched on the endothelium (15). These findings have sup-
ported the idea that LT may directly target the endothelium
during systemic anthrax infection, when serum levels of LF and
PA can exceed 200 and 1000 ng/ml respectively (7, 16–20).
Data from our laboratory further support the hypothesis that

vascular endothelium is an important target of LT. We previ-
ously reported that LT induces endothelial barrier dysfunction
consistent with vascular leakage associated with anthrax (21).
In addition, we showed that LT enhances vascular cell adhesion
molecule-1 (VCAM-1) expression and monocyte adhesion on
the surface of tumor necrosis factor-� (TNF)-activated primary
human endothelial cells, suggesting a possible link between LT
and the vasculitis associated with anthrax (9, 22, 23). The
enhanced expression of VCAM-1 was found to be transcrip-
tionally driven by the cooperative activation of the VCAM1-
regulating transcription factors, interferon regulatory factor-1
(IRF-1), and NF-�B (24). Specifically, LT enhanced nuclear
translocation of IRF-1 and NF-�B, which correlated with
increased DNA binding of both transcription factors by elec-
tromobility shift assay. Considering the critical role ofNF-�B in
regulating the endothelial inflammatory response, we investi-
gated the mechanisms underlying the enhancement of this
pathway by LT.
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In this study, we show that LT enhancement of NF-�B cor-
relates temporally with the delayed reaccumulation of the
inhibitory molecules I�B� and I�B�. We also provide evidence
that LT enhances activation and phosphorylation of the I�B
kinase (IKK) complex that is responsible for initiating and
maintainingNF-�B activity via phosphorylation of the I�B pro-
teins and the p65 subunit ofNF-�B (25–27). In addition to these
findings, we tested our previously reported postulate that LT
may differentially regulateNF-�B genes in a promoter-depend-
ent manner (24). We show that LT enhances transcription and
expression of the surface receptor CD40 but significantly
decreases the expression of MCP-1 (monocyte chemotactic
protein-1). The inhibitory effect on this latter gene is driven by
LT-mediated inhibition of AP-1 (activator protein-1) activity.
Together, these findings provide new mechanistic insight into
how LT may alter immune and vascular function and contrib-
ute to the poor host response to anthrax infection.

EXPERIMENTAL PROCEDURES

Reagents—Phosphate-buffered saline (PBS),Hanks’ balanced
salt solutions with calcium and magnesium (HBSS�), and Tris
were obtained from Invitrogen. LF and PA were kindly pro-
vided by Dr. Stephen H. Leppla (National Institutes of Health,
Bethesda) (28, 29). Toxin proteins were diluted in sterile PBS
before cell treatment. The proteasome inhibitor MG-132 was
purchased from Calbiochem. All other reagents were pur-
chased from Sigma unless noted.
Antibodies—Rabbit polyclonal antibodies specific for I�B�

and NF-�B (p65) and rabbit monoclonal antibodies specific for
IKK� and the phosphorylated forms of I�B� (Ser(P)-32), p65
(Ser(P)-536), and IKK�/� (recognizes Ser(P)-176/180 of IKK�
and Ser(P)-177/181 of IKK�) were purchased from Cell Signal-
ing Technology (Danvers,MA).Mouse IgG2amonoclonal anti-
body specific forCD40,mouse IgG2bmonoclonal antibody spe-
cific for I�B�, and rabbit IgG polyclonal antibodies specific for
MEKK2, IKK�, I�B�, I�B�, actin, and tubulin were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA).
Endothelial Cell Culture and Treatment—Primary human

coronary artery endothelial cells were obtained from Cambrex
(Walkersville, MD) and cultured as described previously (21).
Cells were treated with medium alone (untreated cells), 0.2
ng/ml TNF�, and/or 100 ng/ml LF and 500 ng/ml PA (LT).
Consistent with our previous findings, these treatment condi-
tions did not produce any significant changes in monolayer
density or cell viability over the course of 24 h (22).
Preparation of Whole Cell, Cytoplasmic, and Nuclear

Extracts—Extraction protocols were described in depth previ-
ously (24). Protein concentrations were quantitated using the
BCA method (Pierce).
Western Blotting—Reduced samples (3–6 �g) were run on

NuPAGE 4–12% BisTris gels in MOPS/SDS running buffer.
Proteins were transferred to polyvinylidene difluoride mem-
branes and detected as described previously (24). Densitometry
analysis was performed using ImageJ software (National Insti-
tutes of Health).
Immunofluorescence Microscopy—Cells were grown to con-

fluence in 24-well dishes. Immunofluorescence analysis using a
mouse monoclonal antibody specific for I�B� (clone D-8) and

an AlexaFluor 555-labeled secondary antibody (Molecular
Probes, Eugene, OR) was performed as described previously
(14). Nuclei were stained with Hoechst 33342.
IKK Activity Assay—IKK activity in cytoplasmic extracts was

analyzed by the ability to phosphorylate exogenous I�B� as
described previously (30, 31). Briefly, 0.5 �g of glutathione
S-transferase-labeled full-length recombinant I�B� (Millipore,
Billerica, MA) was conjugated to 40 �l of 50% glutathione-
Sepharose 4B slurry (GEHealthcare) by shaking for 30min. The
beads were washed with PBS and incubated with 40 �g of cyto-
plasmic extracts for 2 h at room temperature. The beads were
then washed with RIPA buffer, resuspended in 2� electro-
phoresis sample buffer (Santa Cruz Biotechnology), and ana-
lyzed by Western blot as described above. To confirm the role
of IKK, some assays were run using TPCA-1, a selective IKK�
inhibitor (32).
Quantitation of I�B� Phosphorylation—ELISA kits for

human I�B� and p-I�B� (Ser(P)-32) were purchased from
Invitrogen and performed according tomanufacturer’s instruc-
tions using 3.5–6 �g of whole cell lysates per sample. Samples
were analyzed in duplicate; and standards were run with each
kit to determine the concentrations of p-I�B� (units/ml) and
total I�B� (ng/ml) in each sample. Phosphorylated I�B� was
presented as units/mg of protein. Additionally, the relative
phosphorylation of I�B� was calculated as units of p-I�B�
divided by nanograms of total I�B�.
Serine/Threonine Phosphatase Quantitation—Serine/threo-

nine phosphatase activity was measured using the RediPlate
EnzCheck serine/threonine phosphatase assay kit purchased
from Invitrogen. Briefly, whole cell lysates were collected in a
modified RIPA buffer containing no EDTA, NaF, or sodium
orthovanadate. Lysates (4 �g) were analyzed in duplicate and
incubated according to the manufacturer’s instructions with a
combination of tyrosine phosphatase inhibitors and the phos-
phatase substrate DiFMUP, which is converted to a fluorescent
compound when dephosphorylated by cellular serine/threo-
nine phosphatases. The assay was run for 30 min and the fluo-
rescence was measured on a microplate reader with a 360-nm
excitation filter and a 465-nm emission filter.
Proteasome Activity Quantitation—Chymotrypsin-like pro-

teasome activity was measured using the Proteasome-Glo cell-
based assay purchased fromPromega (Madison,WI). The assay
was run according to the manufacturer’s instructions. Briefly,
cells were grown in white wall 96-well dishes. Reagent was then
added directly to the media that contained cell lysis buffer, the
peptide substrate Suc-LLVY-aminoluciferin, and luciferase.
Cellular proteasomes cleaved the peptide resulting in a lumi-
nescent signal proportional to the amount of proteasome activ-
ity in the cells. Luminescence was measured on a microplate
reader.
Real Time PCR—RNA extraction and gene expression proce-

duresweredescribedpreviously (24). Foldgeneexpressionrelative
toglyceraldehyde-3-phosphatedehydrogenase (GAPDH)was cal-
culated using the 2���CTmethod (33).
Cell-surface ELISA—Cell-surface ELISA was performed as

described previously (21). A primarymonoclonal antibody spe-
cific for CD40 (1:100) was used for detection. Background val-
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ues due to detection reagent only were subtracted from the raw
data to obtain the final values.
MCP-1 ELISA—Culture supernatants were collected from

cells treated as described above and stored at �80 °C. Superna-
tants were centrifuged to remove debris and diluted (1:100)
prior to use. ELISA kit for quantitation of human MCP-1 was
purchased from BD Biosciences and performed according to
the manufacturer’s instructions. Each sample was analyzed in
duplicate.
AP-1 DNA Binding Quantitation—Cells were treated, and

extracts were obtained as described above. Binding activity was
determined using the AP-1 (c-Jun) TransAM kit purchased
from Active Motif. Samples were run in duplicate with 1 �g of
nuclear extracts. Briefly, active AP-1 was captured to oligonu-
cleotides containing the consensus binding motif immobilized
on a 96-well dish. Bound AP-1 in each sample was then
detected using an antibody specific for the phosphorylated
formof c-Jun, followed by a horseradish peroxidase-conjugated
secondary antibody. After addition of detection reagent, the
reaction was stopped, and absorbance was read at 450 nm.

Statistical Analysis—Data are
represented asmeans� S.E. for rep-
licate experiments. Statistical analy-
sis was performed by analysis of
variance with post hoc Student’s t
test using the JMP (version 5.1) soft-
ware (SAS Institute Inc, Cary, NC).
p� 0.05 was considered statistically
significant.

RESULTS

LT Augments Degradation of
I�B� and I�B� but Not I�B�—We
previously showed that LT inhibits
the reaccumulation of I�B� in TNF-
treated primary human coronary
artery endothelial cells at 6 and 12 h,
and we postulated that this contrib-
uted to the enhanced NF-�B
nuclear translocation and DNA
binding observed in cells treated
with LT and TNF (LT-cotreated
cells) (24). To better understand
how LT regulates NF-�B activity,
we investigated the effect of LT on
I�B�, I�B�, and I�B� at a range of
early and late time points. Together
these three I�B isoforms regulate
the intensity, duration, and the
biphasic oscillatory pattern of
NF-�B activity during prolonged
stimulation (34–36). Of the three
proteins, I�B� is degraded the
quickest, thus regulating the early
phase of NF-�B activity (i.e. �1 h).
In cells treatedwithTNF for 10min,
I�B� is completely degraded (Fig.
1A). Between 10 min and 2 h, I�B�

gradually reaccumulates to approximately half of the basal lev-
els, and the expression remains relatively constant throughout
the 24-h time course of the experiment. LT alone had no effect
of I�B� expression at any time point. With LT-cotreated cells,
I�B� levels are equivalent to TNF-treated cells at 10 min and
1 h. However, at 2 and 6 h, I�B� expression is significantly
reduced by �2-fold in LT-cotreated cells compared with TNF
alone. At 12 h, I�B� was also consistently reduced by nearly
2-fold in LT-cotreated cells compared with TNF alone, but this
was not statistically significant due to variable expression in
TNF-treated cells relative to untreated cells. By 24 h, there was
no difference in I�B� expression in the LT-cotreated cells.

Compared with I�B�, I�B� is characterized by slower rates
of degradation and reaccumulation. Because of this, I�B� has
been reported to regulate the late phase of NF-�B activity in
endothelial cells (36). In cells treatedwithTNF for 10min, I�B�
expression was about 60% of basal levels (Fig. 1B). Degradation
was complete by 1 h, and reaccumulation began at 6 h, with a
slow increase to about 70% by 24 h. In LT-cotreated cells, there
was no difference in I�B� expression at 10 min, 1 h, or 2 h as

FIGURE 1. LT enhances degradation of I�B� and I�B� but not I�B�. Cells were treated with medium alone
or medium containing LT (100 ng/ml LF � 500 ng/ml PA), 0.2 ng/ml TNF, or both. Whole cell lysates were
analyzed by Western blot for expression of I�B� (A), I�B� (B), and I�B� (C) as described under “Experimental
Procedures.” At least four blots were performed for each protein at each time point, and representative blots
are shown. Graphs represent Western blot densitometry (n �4) for medium (diamond, solid line), LT (square,
dashed line), TNF (triangle, solid line), and LT � TNF (�, dashed line). Data were normalized relative to cells
treated with medium alone and presented as means � S.E. D, I�B� immunofluorescence at 24 h. Representa-
tive images are shown. M, medium; L, LT; T, TNF; L � T, LT � TNF. **, p � 0.01 versus medium; ††, p � 0.01 versus
TNF; †, p � 0.05 versus TNF.
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compared with TNF-treated cells. However, at the late time
points, I�B� expression was significantly reduced, with reaccu-
mulation almost completely blocked until a slight increase
between 12 and 24 h. In contrast to I�B�, treatment with LT
alone produced significant degradation of I�B�. The degrada-
tion was delayed compared with TNF with significant reduc-
tion at 12 and 24 h, where expression was about 55 and 40%
relative to untreated cells. Reduced I�B� expression in cells
treated with LT alone and in LT-cotreated cells was also
observed by immunofluorescence (Fig. 1D).
Degradation of I�B� occurs with similar kinetics as I�B�,

whereas reaccumulation tends to be intermediate between
I�B� and I�B�. In cells treated with TNF for 10 min, I�B�
expression was about 60% of basal levels (Fig. 1C). Degradation
was maximal by 1 h, and reaccumulation began at 2 h, with a
linear increase to basal levels by 24 h. In LT-cotreated cells,
there was no significant difference in I�B� expression at any
time point compared with TNF alone.
LT Enhances Transcription of NFKBIA and Causes Minor

Perturbations in NFKBIB Transcription—To examine whether
the effects of LT on I�B� and I�B� could be explained by
reduced transcription of the I�B� and I�B�-encoding genes
NFKBIA and NFKBIB, we analyzed mRNA expression by real
time PCR. As shown in Fig. 2A, NFKBIA transcription was
induced in TNF-treated cells at 6 and 12 h, and only slightly
elevated at 24 h. Cotreatment with LT significantly enhanced
transcription compared with TNF alone at 6 and 12 h suggest-
ing the delayed reaccumulation of I�B� in LT-cotreated cells is
not caused by inhibition of NFKBIA transcription. Compared
with NFKBIA, transcription of the I�B�-encoding gene NFK-
BIB was minimally induced in TNF-treated cells (Fig. 2B). LT-
treated and LT-cotreated cells showed �20–30% reduction in
NFKBIBmRNA compared with untreated or TNF-treated cells
at 12 h. In addition, we analyzed mRNA stability using actino-
mycin D as described previously (24), and we found no differ-
ences in the stability of NFKBIA or NFKBIB mRNA between
TNF-treated and LT-cotreated cells (data not shown). These
data suggest that LT-dependent reduction in NFKBIB tran-
scription may contribute to the reduced I�B� protein expres-
sion, whereas the enhanced degradation of I�B� in LT-co-
treated cells likely involves a post-transcriptional mechanism.

LT Enhances and/or Prolongs
TNF-induced IKK Activation—To
further examine the mechanism
underlying the reduced rate of I�B�
and I�B� reaccumulation, we ana-
lyzed the effect of LTon IKKactivity
using a GST-I�B� assay. Fig. 3A
shows that TNF induced maximal
IKK activity at 10 min that was
blocked when extracts were prein-
cubated with the IKK� inhibitor
TPCA-1. At 6 h, IKK activity was
detectable in TNF-treated cells and
significantly enhanced by LT
cotreatment. LT alone produced a
small but consistent increase in IKK
activity that did not reach statistical

significance. At 12 h, LT induced a 40% increase in IKK activity
compared with untreated cells (data not shown, n � 4, p �
0.023). LT cotreatment appeared minimally enhanced but was
not statistically significant at 12 h. When extracts were prein-
cubated with TPCA-1, no activity was observed in TNF- or
LT-treated or LT-cotreated cells suggesting LT enhancement is
dependent upon IKK� activity (Fig. 3A). Because phosphoryla-
tion of IKK (p-IKK) is a prerequisite for its activity, we exam-
ined p-IKK� (Ser-176/180)/p-IKK� (Ser-177/181) by Western
blot. IKKphosphorylationwas generallyminimal under control
conditions, and no significant differences were detected with
LT alone (Fig. 3B). TNF induced intense p-IKK after 10 min
that decreased substantially by 2 h. No differences were noted
between TNF-treated and LT-cotreated cells at 10 min or 2 h.
At 6 h, p-IKK was still detectable in TNF-treated cells, and
phosphorylation was significantly enhanced in LT-cotreated
cells. At 12 h, there was no detectable phosphorylation in TNF-
treated cells, but phosphorylation was still evident with LT
cotreatment. By 24 h, there was no detectable IKK phosphoryl-
ation with any treatment. Analysis of the p-IKKWestern blots
by densitometry suggests that LT cotreatment enhances phos-
phorylation of IKK by nearly 2.5-fold at 6 and 12 h (Fig. 3B),
with no enhancement at 10 min (data not shown), 2 h, or 24 h.
These data suggest that LT enhances and/or prolongs IKK acti-
vation and phosphorylation in TNF-stimulated cells.
With regard to the mechanism of IKK enhancement, we also

tested whether LT enhances p-IKK in response to another pro-
inflammatory cytokine IL-1�. As shown in supplemental Fig. 1,
LT did in fact enhance IKK phosphorylation in cells cotreated
with IL-1� for 3 h. This suggests that the mechanism of IKK
enhancement likely occurs downstream of cytokine receptor
activation and shares a common link between theTNF receptor
and IL-1 receptor pathways.
A number of kinases have been suggested to trigger IKK

phosphorylation in response to TNF and IL-1�, including
MEKK2 and MEKK3. Of these, MEKK3 has been linked to the
initial burst of IKK activity (i.e. �1 h), whereas MEKK2 associ-
ateswith IKKduring the late phase (37, 38). Because LT appears
to selectively enhance the late phase, we analyzed whether LT
alters MEKK2 expression. MEKK2 was generally expressed at
low levels in untreated cells and cells treated with LT or TNF

FIGURE 2. LT enhances transcription of NFKBIA and causes minor perturbations in NFKBIB transcription.
RNA was collected and analyzed for NFKBIA (A) and NFKBIB (B) transcript relative to GAPDH by real time PCR.
Means � S.E. for a minimum of three separate experiments are shown. ††, p � 0.01 versus TNF; †, p � 0.05 versus
TNF.
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alone, whereas LT-cotreated cells strongly expressed MEKK2
at 6 h (Fig. 3C). Enhanced MEKK2 expression was also occa-
sionally observed in LT-cotreated cells at 12 and 24 h.
LT Has No Effect on Serine-Threonine Phosphatase Activity,

Proteasome Activity, or I�B� Synthesis in the Presence of
TPCA-1—In Fig. 1, LT was shown to enhance degradation of
I�B� and I�B�. To strengthen our argument that this is
because of the enhanced IKK activity in LT-cotreated cells, we
examined whether our observations were because of a general-
ized reduction in serine-threonine phosphatase activity. As

shown in Fig. 4A, LT alone or in cotreatment with TNF had no
effect on serine-threonine phosphatase activity at 2, 6, or 12 h.
As a negative control, NaF treatment decreased phosphatase
activity by 80%. This supports the idea that LT enhancement of

FIGURE 3. LT cotreatment enhances TNF-induced IKK activity and phos-
phorylation and MEKK2 expression. A, IKK activity assay was performed as
described under “Experimental Procedures.” Where indicated, lysates were
incubated for 30 min with TPCA-1 (3 �M) prior to assay. Graph represents
Western blot densitometry for three sets of 6-h samples. B, whole cell lysates
were analyzed by Western blot for p-IKK�/� and total IKK� levels. At least
three blots were performed. Blots are shown for a representative set of
10-min and 2-h samples grouped on one gel and the 6-, 12-, and 24-h samples
grouped on a second gel. Graphs represent Western blot densitometry (n
�3). Data were normalized relative to cells treated with medium alone and
presented as means � S.E. C, whole cell lysates were analyzed by Western blot
for expression of MEKK2. A representative blot of four blots is shown. NC,
negative control for IKK activity assay (no cell lysates); M, medium; L, LT; T, TNF;
L � T, LT � TNF. ††, p � 0.01 versus TNF; †, p � 0.05 versus TNF.

FIGURE 4. LT does not alter serine-threonine phosphatase activity,
proteasome activity, or I�B� synthesis in the presence of TPCA-1.
Cells were treated with medium alone or medium containing LT, TNF, or
both. A, whole cell lysates were collected using RIPA buffer containing no
phosphatase inhibitors. Phosphatase activity was quantified as described
under “Experimental Procedures.” As a negative control, cells treated with
medium alone were analyzed in the presence of 50 mM NaF, a pan-serine-
threonine phosphatase inhibitor. Data are presented as picomoles of
6,8-difluoro-7-hydroxy-4-methylcoumarin (DiFMU) per �g of protein.
Means � S.E. for three separate experiments are shown. B, cellular chy-
motrypsin-like proteasome activity was measured as described under
“Experimental Procedures.” Data are presented as relative luciferase units
(RLU). As a negative control, cells were treated with the proteasome inhib-
itor MG-132 (MG, 10 �M) for 30 min. Means � S.E. for four separate exper-
iments are shown. C, cells were treated for 90 min with medium alone, or
with TNF, or LT � TNF. Cells were then treated with TPCA-1 (3 �M) to
inhibit further I�B� degradation. I�B� accumulation was analyzed by
Western blot of whole cell lysates. Representative blot is shown. Graph
represents Western blot densitometry (n � 3). **, p � 0.01 versus medium.
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IKK phosphorylation and activity is not because of a general
inhibition of cellular phosphatase activity.
Alternatively, the altered degradation and reaccumulation of

I�B proteins could be caused by LT enhancement of protea-
some activity or inhibition of translational machinery. As
shown in Fig. 4B, LT alone or in cotreatment with TNF had no
effect on chymotrypsin-like proteasome activity. As a negative
control, activity was completely ablated in the presence of the
proteasome inhibitor MG-132. We also analyzed whether LT
delay of I�B� reaccumulation was because of inhibition of
translational machinery or decreased protein stability inde-
pendent of IKK�. In this experiment, cells were treated with LT
and TNF to initiate I�B� degradation and NFKBIA transcrip-
tion. After 90 min, TPCA-1 was added to inhibit further IKK�
activity. Lysates from untreated, TNF-treated, or LT-cotreated
cells were then analyzed for I�B� expression to see how quickly
the protein would return to basal levels. As shown in Fig. 4C,
I�B� levels were equivalently reduced in TNF and LT-co-
treated cells at 10min and 1 h. Just prior to addition of TPCA-1,
I�B� was already slightly decreased in LT-cotreated cells com-
pared with TNF alone. However, 15 min after addition of
TPCA-1, I�B� expression had returned to basal levels in both
TNF- andLT-cotreated cells. In addition, the I�B� levels stayed

at or above basal levels through the
6-h time point. These data suggest
that LTdoes not block translation of
I�B�, nor does it inherently destabi-
lize the protein, and further suggest
the delayed reaccumulation is
because of enhanced IKK� activity.
LT Enhances IKK�-dependent

Phosphorylation of I�B�—As dis-
cussed above, themajormechanism
by which the IKK complex controls
NF-�B activity is by phosphoryl-
ating the I�B proteins. Phosphoryl-
ation of I�B� (at serine residues 32
and 36), I�B�, and I�B� targets each
molecule for ubiquitination and
proteasome degradation (25, 27,
39). To strengthen our argument
that enhancement of IKK activity in
LT-cotreated cells is responsible for
the delayed reaccumulation of I�B�
and I�B�, we measured I�B� phos-
phorylation (p-I�B�) by quantita-
tive ELISA, and we examined how
pretreatment of cells with TPCA-1
would affect the delay in I�B� and
I�B� reaccumulation. As shown in
Fig. 5A, TNF markedly induced
p-I�B� after 10 min with slightly
decreased levels at 2 h. Consistent
with the IKK phosphorylation, no
differences were noted between
TNF-treated and LT-cotreated cells
at these early time points. However,
at 6 and 12 h, p-I�B� was markedly

decreased in TNF-treated cells, although it remained high in
LT-cotreated cells. When we accounted for I�B� degradation
by normalizing p-I�B� relative to total I�B�, we found phos-
phorylation was enhanced by greater than 2-fold in LT-co-
treated cells compared with TNF alone at 6 and 12 h (Fig. 5B).
When cells were pretreated with TPCA-1, we found no inhibi-
tion of the TNF-induced p-I�B� but a complete attenuation of
the enhanced levels in LT-cotreated cells (Fig. 5B).
Because I�B� phosphorylation is a signal for proteasomal

degradation, we examinedwhether TPCA-1 could block the LT
enhancement of I�B� degradation observed in Fig. 1. Indeed,
TPCA-1 completely inhibited the LT enhancement of I�B�
degradation compared with cells treated with TNF, suggesting
that the reduced I�B� expression is IKK�-dependent (Fig. 5C).
Interestingly, the inability of TPCA-1 to block the TNF-in-
duced I�B� degradation agrees with the residual p-I�B�
observed in Fig. 5B.
For I�B�, TPCA-1 partially protected degradation for TNF-

treated and LT-cotreated cells, although there was still a signif-
icant difference between the two treatments (Fig. 5D). Interest-
ingly, TPCA-1 also afforded significant protection from I�B�
degradation in the cells treated with LT alone, suggesting the
degradation in cells treated with LT alone may be partially

FIGURE 5. LT enhances TNF-induced phosphorylation of I�B� and I�B� and I�B� degradation. A, quan-
titation of p-I�B� was performed by ELISA as described under “Experimental Procedures” and presented as
units of p-I�B� per mg of protein. Means � S.E. for three separate experiments are shown. B, quantitation of
p-I�B� relative to total I�B� was performed by ELISA and presented as units of p-I�B� relative to nanograms of
total I�B�. Where indicated, cells were pretreated for 30 min with TPCA-1 (3 �M). Means � S.E. for three
separate experiments are shown. C and D, cells were pretreated for 30 min with TPCA-1 (3 �M). Whole cell
lysates were analyzed by Western blot for expression of I�B� (C) and I�B� (D). Three blots were performed for
each protein, and representative blots are shown. Graphs represent Western blot densitometry (n � 3) of total
I�B� (C) and total I�B� (D) in TPCA-1-pretreated cells. Data for samples without TPCA-1 are modified from Fig.
1 and are included here for comparison. M, medium; L, LT; T, TNF; L � T, LT � TNF. **, p � 0.01 versus medium;
††, p � 0.01 versus TNF; ‡‡, p � 0.01 comparing with TPCA-1 versus without TPCA-1; ‡, p � 0.05 comparing with
TPCA-1 versus without TPCA-1.
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attributed to the slight enhancement in IKK activity. These data
suggest that IKK� plays an important role in LT enhancement
of I�B� degradation, but unlike for I�B� degradation, there
may be other contributing factors, including, for example, the
reduced NFKBIB transcription observed in Fig. 2B.
LT Enhances IKK�-dependent Phosphorylation of p65—An-

other mechanism by which IKK� controls NF-�B activity is
through phosphorylation of the p65 NF-�B subunit at serine
536, which is thought to enhance transcriptional activity and
nuclear localization of NF-�B (25–27, 39). Phosphorylation of
p65 was detected at low levels under control conditions or in
cells treated with LT alone (Fig. 6A). TNF markedly induced
p-p65 after 10 min that declined substantially after 2 h. Again,
no differences were noted between TNF-treated and LT-co-
treated cells at these early time points. At 6 and 12 h, p-p65 was
again elevated in TNF-treated cells. At both time points, den-
sitometry analysis suggests that LT significantly enhances
p-p65 by about 2-fold compared with treatment with TNF
alone. At 24 h, low level p65 phosphorylation was observed in
cells treatedwith LT alone andTNF alone and appeared slightly
enhanced in LT-cotreated cells, but this did not reach the level
of statistical significance. When cells were pretreated with
TPCA-1, the enhancement in p-p65 at 6 and 12 h was com-
pletely blocked in LT-cotreated cells (Fig. 6B). However, we still
observed TNF-induced p65 phosphorylation at 6 h, consistent
with the data for p-I�B�. Interestingly, the magnitude of
enhancement and kinetics of p65 phosphorylation correspond
well with the results observed for p-IKK and p-I�B� in LT-
cotreated cells. Taken together, these data suggest that LT
cotreatment enhances phosphorylation of p65 via an IKK�-de-
pendent mechanism.
LT Differentially Regulates Transcription of Pro-inflamma-

tory Genes—NF-�B plays a critical role in endothelial pro-in-
flammatory gene regulation. Having shown that LT enhances

activity of the IKK-NF-�B pathway,
we wanted to further investigate
how LT affects transcription of pro-
inflammatory genes. We have
shown that LT enhances transcrip-
tion of several such genes, including
VCAM1, IRF1 (24), and NFKBIA
(Fig. 2A), the latter being under the
transcriptional control of three
NF-�B-binding sites (40). To fur-
ther extend these observations, we
chose to investigate the effects of LT
on transcriptional regulation of two
additional genes with promoters
that are regulated by different com-
binations of transcription factors,
CD40 and CCL2.
Transcription of the cell-surface

receptor CD40, which belongs to
the TNF receptor superfamily, is
regulated by NF-�B, signal trans-
ducers and activators of transcrip-
tion-1 (STAT-1), and IRF-1 (41, 42).
CD40 transcription was induced in

TNF-treated cells at 6 h (Fig. 7A). LT cotreatment significantly
enhanced CD40 expression at each time point consistent with
our findings that LT enhances the transcriptional activity of
NF-�B, STAT-1, and IRF-1 (24). In addition, cell-surface ELISA
showed that LT cotreatment enhanced cell-surface expression
of CD40 by greater than 50% compared with cells treated with
TNF alone (Fig. 7B).

Expression of CCL2, which encodes for the chemokine
MCP-1, is transcriptionally regulated by AP-1 and NF-�B (43,
44). In TNF-treated cells, CCL2 transcription was increased at
each timepoint investigated (Fig. 7C). Interestingly, LT cotreat-
ment significantly reduced transcription of CCL2. Consistent
with this finding, MCP-1 secretion, as measured by ELISA, was
reduced by more than 30% in LT-cotreated cells at 6 h and by
more than 50% at 12 and 24 h (Fig. 7D). Having established that
LT enhances NF-�B activity, we hypothesized that LT may be
negatively regulating activity of AP-1.
LT Inhibits Basal and Cytokine-induced AP-1 Activity—

DNA binding activity of AP-1, a heterodimeric transcription
factor composed of c-Fos and c-Jun, was quantified using a
trans-binding ELISA (Fig. 8). We observed basal AP-1 activity
that was enhanced greater than 2-fold by TNF treatment at 6
and 12 h. Importantly, LTnearly completely inhibited basal and
TNF-induced AP-1 activity. This decrease is likely because of
the LT-mediated reduction in nuclear c-Jun that we observed
previously (24). Together with the previous section, these data
demonstrate the dual regulatory action of LT on NF-�B target
gene expression and highlight the underlying role of differential
regulation of pro-inflammatory transcription factors by LT.

DISCUSSION

Vascular pathologies associated with anthrax may be the
result of the direct interaction of LT with the endothelium.We
have shown in vitro that LT disrupts endothelial barrier func-

FIGURE 6. LT enhances TNF-induced phosphorylation of p65. A, whole cell lysates were analyzed by Western
blot for p-p65 and total p65 levels. At least three blots were performed. Blots are shown for a representative set
of 10-min and 2-h samples grouped on one gel and the 6-, 12-, and 24-h samples grouped on a second gel.
Graphs represent Western blot densitometry (n �3). Data were normalized relative to cells treated with
medium alone and presented as means � S.E. B, cells were pretreated with TPCA-1 (3 �M) and analyzed for
p-p65 and total p65 levels as described above. M, medium; L, LT; T, TNF; L � T, LT � TNF. ††, p � 0.01 versus TNF;
†, p � 0.05 versus TNF.
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tion and has both enhancing and suppressive effects on endo-
thelial inflammatory responses (21, 22, 24). The latter is likely to
play an important role in the poor immune response and vas-
culitis associated with anthrax and occurs in part due to
enhancement and prolonging of NF-�B activity under varying
inflammatory stimuli, including IL-1� andTNF�. The duration
and intensity ofNF-�B activity are regulated by the degradation
and reaccumulation of the inhibitory proteins I�B�, I�B�, and
I�B�. In endothelial cells as well as other cell types exposed to
prolonged TNF treatment, the differential rates of degradation
and reaccumulation of these three proteins account for the two

distinct phases or “oscillations” of
NF-�B activity (34–36). An early
phase, which peaks within the first
hour is characterized by the rapid
degradation and resynthesis of I�B�.
In endothelial cells, the latephase, (i.e.
	2 h), has been attributed to the
muchslowerdegradationandreaccu-
mulation of I�B� (36). Importantly,
we show that although LT has no
effect on I�B expression during time
points associatedwith theearlyphase,
LT cotreatment significantly delayed
the reaccumulation of I�B� (at 2 and
6h) and I�B� (at 12 and24h), but not
I�B�, during the late phase. The fact
that the reduced expression of I�B
proteins was most striking at 6 and
12 h suggests a mechanistic link with
the enhancedNF-�B activity that was
observed at those time points in
LT-cotreated cells. Although the
reduced I�B� expression could be
partially explained by reduction in
gene transcription, LT conversely
enhanced transcription of NFK-
BIA. Importantly, the reduced I�B
protein expression in LT-co-
treated cells was not because of

alterations in proteasome activity or phosphatase activity,
and in the case of I�B�, it was not because of impaired trans-
lation of NFKBIA mRNA. Together these data suggest the
involvement of the IKK complex in the delayed I�B
reaccumulation.
The IKK complex, composed of two functionally distinct

kinases, IKK� and IKK�, and the structural subunit IKK�, is
activated in response to a variety of stimuli by phosphorylation
as a triggering event in the NF-�B response. Both IKK� and
IKK� have been shown to phosphorylate I�B proteins, tar-
geting them for ubiquitination and subsequent degradation
by the chymotrypsin-like proteasome activity (39, 45, 46).
This results in the exposure of a nuclear localization
sequence on the p50/p65 heterodimer and leads to nuclear
import and subsequent transcription of NF-�B-responsive
genes. IKK� and IKK� have also been shown to phospho-
rylate p65, resulting in enhanced nuclear localization and
transcriptional activity (27, 39, 47). Importantly, we show
that LT cotreatment significantly enhanced IKK� activity
and phosphorylation. In addition, we observed phosphoryl-
ation of the IKK targets I�B� and p65 that correlated well
with the IKK enhancement in terms of magnitude and kinet-
ics. In addition, we showed that inhibition of IKK� com-
pletely blocked the LT enhancement of p65 phosphorylation
and I�B� phosphorylation and degradation. The LT-en-
hanced degradation of I�B� was partially rescued by the
IKK� inhibitor. Together, these data suggest an active role
for IKK in the LT enhancement of NF-�B activation
observed in this study and as reported previously (24).

FIGURE 7. LT differentially regulates transcription of NF-�B target genes. A, cells were treated with
medium alone or medium containing LT, TNF, or both. RNA was collected and analyzed for CD40 transcript
relative to GAPDH by real time PCR. Means � S.E. for a minimum of three separate experiments are shown.
B, cells treated for 24 h as indicated were analyzed by CD40 cell-surface ELISA. Values are reported as means �
S.E. for four separate experiments. C, RNA was collected and analyzed for CCL2 transcript relative to GAPDH by
real time PCR. Means � S.E. for a minimum of three separate experiments are shown. D, MCP-1 release was
quantitated by ELISA as described under “Experimental Procedures.” Values are reported as means � S.E. for
four separate experiments. ††, p � 0.01 versus TNF; †, p � 0.05 versus TNF.

FIGURE 8. LT inhibits AP-1 DNA binding activity. Cells were treated with
medium alone or medium containing LT, TNF, or both. Binding activity of
AP-1 was determined by trans-binding ELISA as described under “Experimen-
tal Procedures.” Means � S.E. for four separate experiments are shown. **, p �
0.01 versus medium; *, p � 0.05 versus medium; ††, p � 0.01 versus TNF. ABS,
absorbance.
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With regard to themechanism leading to enhanced IKK acti-
vation, we provide evidence that LT cotreatment enhances
expression ofMEKK2, an upstream kinase that has been linked
to IKK activation (38, 48). Indeed, MEKK2 is thought to specif-
ically control the late phase of NF-�B activity through assembly
of a complex with IKK and I�B proteins (37). The mechanisms
underlying LT enhancement of MEKK2 expression are not yet
clear, although one hypothesis is that thismay represent a feed-
back response triggered by the LT-mediated cleavage of down-
streamMEK proteins. Significant attention has focused on LT-
mediated MEK cleavage and the resulting downstream
inhibition of MAPK signaling; however, to our knowledge, the
present findings represent the first demonstration that LT can
elicit increased expression of signaling components directly
upstream of MEKs. However, it should be noted that MEKK2
expression only appeared enhanced in LT-cotreated cells and
was not detectable in cells treated with LT alone. Besides path-
ways that stimulate IKK, another possibility that warrants fur-
ther investigation is whether LTmay inhibit endogenous endo-
thelial mechanisms that are activated for resolution of the
NF-�B response (49). Potential targets include the COX-2 pro-
duced cyclopentenone prostaglandins, anti-inflammatorymol-
ecules that are exclusively synthesized late in the inflammatory
response and have been shown to inhibit IKK activity (50).
Other molecules of interest include members of the ovarian
tumor (OTU) family of deubiquitinating cysteine proteases that
have been shown to be induced by TNF and IL-1 in endothelial
cells and are believed to play a role in NF-�B resolution by
deubiquitinating receptor-associated signaling intermediaries
and inhibition of IKK activity (51).
Until recently, the NF-�B dogma has held that IKK� and

IKK� are functionally distinct kinases with the former being
solely responsible for the canonical signaling pathway and the
latter controlling the noncanonical pathway. However, it is
known that both kinases are capable of phosphorylating I�B
proteins, and recently it has been shown that, under certain
conditions, IKK� can activate the canonical pathway in numer-
ous cell types, including endothelial cells (47, 52). Indeed, IKK�
maybe the predominant kinase responsible for I�Bdegradation
in IL-1-treated murine embryonic fibroblast, whereas IKK�
was shown to be generally dispensable (53). Interestingly, the
present data show that pretreatment of TNF-treated cells with
the selective IKK� inhibitor TPCA-1 was unable to block p65
phosphorylation or I�B� phosphorylation and degradation at
6 h, a time point associated with the NF-�B late phase (Fig. 5, B
and C, and Fig. 6B). This observation is intriguing given that
post-treatment with TPCA-1 (90 min after TNF) produced no
net I�B� degradation in 6-h TNF-treated cells (Fig. 4C). It is
tempting to speculatewhether IKK�may compensate for IKK�
in the cells that were pretreated with TPCA-1. Further investi-
gation will be required to address this interesting finding.
Endothelial activation and subsequent gene expression in

response to inflammatory stimuli are critical for coordinating
the innate immune response to infection (54). The vastmajority
of inflammatory products produced by endothelium are regu-
lated by the IKK-NF-�B pathway (54–57). In addition, recent
studies have shown that abnormal or enhanced activity of the
IKK-NF-�Bpathway correlateswith anunfavorable outcome in

many diseases, including heart disease, cancer, and sepsis (58–
60). Indeed, IKK inhibitor therapies are currently being devel-
oped as a promising treatment for many inflammatory disor-
ders (61). Therefore, the fact that LT alters IKK activity could
suggest an important link between LT and certain anthrax-as-
sociated pathologies, including vasculitis and the poor immune
response. To further investigate the consequences of the
enhanced IKK-NF-�B pathway, we examined the effect of LT
on the expression of several genes that are regulated by one or
varying combinations of inflammatory transcription factors. In
the case of the previously discussed NFKBIA, the I�B�-encod-
ing gene regulated solely by NF-�B, LT was shown to enhance
mRNA expression. Transcription of NFKBIB, which unlike
NFKBIA is only minimally responsive to NF-�B (62), was sig-
nificantly decreased by LT cotreatment. The expression of
CD40, which is regulated by NF-�B, IRF-1, and STAT-1, was
likewise increased in LT-cotreated cells. However, transcrip-
tion of CCL2 was significantly reduced by LT cotreatment and
this was likely due to LT inhibition of AP-1. These observations
may have pathogenic implications in that LT enhancement of
CD40 expression in the presence of CD40L-expressing leuko-
cytes could lead to a synergistic expansion of the inflammatory
response through further NF-�B activation and endothelial
adhesionmolecule expression, suggesting a potential contribu-
tion to the vasculitic pathology associatedwith anthrax (63, 64).
In addition, the inhibition ofMCP-1 release combined with the
reduced expression of the chemokines interleukin-8 and CCL5
may severely alter lymphocyte diapedesis, suggesting an impor-
tant link between the effect of LT on the endothelium and the
poor immune response observed in anthrax (22, 65). Indeed, in
vitro studies from our laboratory have shown that, despite
enhanced binding of human monocytes and neutrophils (22),
LT-cotreated endothelial cells exhibit severe deficiencies in
coordinating transmigration compared with cells treated with
TNF alone (data not shown).
As mentioned above, the reduction in CCL2 transcription

was linked to a dramatic reduction in basal and TNF-induced
AP-1 binding activity in LT-treated endothelial cells. This is
consistent with previous studies using other cell types and is
likely due to the widely reported inhibition of JNK, which sta-
bilizes c-Jun through phosphorylation (24, 66–69). Impor-
tantly, the MAPK family regulates other transcription factors
involved in immune and inflammatory responses, as well as
controlling the activity of additional components of the tran-
scriptional machinery (70). In addition, p38 and JNK have been
shown to augment expression of certain genes by enhancing
post-transcriptional mRNA stability (71). By disrupting the
above MAPK-regulated pathways, LT may influence the
expression of many genes in cells exposed to the toxin.
The finding that LT exerts opposing effects on important

pro-inflammatory transcription factors appears to lead to an
interesting dynamic where pro-inflammatory genes are differ-
entially regulated in LT-cotreated endothelial cells. Whether a
particular gene is up- or down-regulated by LT depends on
what transcription factors regulate its expression. For example,
for some genes, including CD40 andNFKBIA discussed here as
well as previously reported VCAM1 and IRF1 (24), the
increased NF-�B and IRF-1 activity outweighs the reduction in
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AP-1 activity and results in enhanced transcription of these
genes in LT-cotreated cells. However, for another subset of
genes, including CCL2 discussed here and also SELE as
reported previously (24), the reduction in AP-1 activity out-
weighs the increased NF-�B and IRF-1 activity and leads to
reduced transcription in LT-cotreated cells.
In conclusion, LT-mediated enhancement of TNF-induced

NF-�B activation is because of increased activation of the IKK
complex. When combined with the inhibition of AP-1 activity
by LT, this leads to potentially important downstream tran-
scriptional up- or down-regulation driven by the cumulative
effect of LT on the particular set of transcription factors that
control a given promoter. Given the important role of the IKK-
NF-�B pathway and AP-1 in immune and inflammatory signal-
ing, the data presented here provide important mechanistic
insight into how LT may interact with host cells to cause the
characteristic dysregulated immune response and vasculitic
pathology observed in anthrax.
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