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Infections with Shiga toxin (Stx)-producing bacteria are associated with bloody diarrhea and postdiarrheal
sequelae, including hemolytic uremic syndrome and central nervous system (CNS) abnormalities. Stx-induced
intestinal, renal, and CNS vascular lesions may involve a localized production of proinflammatory cytokines
in target organs, as tumor necrosis factor-� (TNF-�) and interleukin-1� (IL-1�) up-regulate Stx receptor
globotriaosylceramide (Gb3) expression on vascular endothelial cells. However, leukocyte recruitment to
injured sites may also exacerbate vascular damage. A cytokine macroarray analysis of transcripts derived from
macrophage-like THP-1 cells treated with Stx1, lipopolysaccharides (LPS), or both demonstrated a consistent
up-regulation of TNF-�, IL-1�, and four genes encoding the chemokines interleukin-8 (IL-8), macrophage
inflammatory protein-1� (MIP-1�), MIP-1�, and growth-related oncogene beta (GRO-�). Real-time PCR
analysis verified the macroarray results. Northern blot analyses after the addition of the transcriptional
inhibitor actinomycin D revealed increased IL-8 mRNA stability in THP-1 cells treated with Stx1 or Stx1 plus
LPS. Finally, enzyme-linked immunosorbent assay data for Stx1- plus LPS-treated cells demonstrated a poor
correlation between IL-8, MIP-1�, MIP-1�, and GRO-� mRNA levels and protein production, indicating a
posttranscriptional regulatory effect. Our data suggest that in response to Stx1 and LPS, macrophages may be
a source of chemokines that promote tissue damage through leukocyte recruitment and activation.

Infections with Shigella dysenteriae serotype 1 and Shiga
toxin (Stx)-producing Escherichia coli (STEC) may result in
bloody diarrhea and the subsequent development of life-
threatening sequelae, including acute renal failure and neuro-
logical abnormalities (31). The acute renal failure caused by
Stxs is referred to as hemolytic uremic syndrome (HUS) and is
characterized by thrombotic microangiopathy, hemolytic ane-
mia with schistocytosis, and thrombocytopenia (34). Similar
vascular lesions may occur in the brain, leading to lethargy,
disorientation, paralysis, seizures, coma, and death (39). The
pathogenesis of bloody diarrhea caused by Stx-producing bac-
teria is multifactorial; however, Stxs appear to be important
contributory virulence factors in hemorrhagic colitis, acting to
damage capillaries serving the colon (5). Stx-mediated damage
to intestinal blood vessels may create the means of access for
toxins and other bacterial constituents, such as lipopolysaccha-
rides (LPS), into the bloodstream. In contrast to intestinal
disease, Stxs are essential for the development of HUS and
neurological complications, as many of the histopathological
features of renal and central nervous system (CNS) vascular
damage seen in humans can be reproduced in animals after the
administration of purified Stxs (reviewed in reference 26).

Stxs are AB5 holotoxins, possessing a single, enzymatically
active A subunit in noncovalent association with five B subunits

(8). The Stx family consists of the prototypical Shiga toxin
expressed by S. dysenteriae serotype 1 and Shiga toxin 1 (Stx1)
and Stx2 produced by STEC. Several Stx1 and Stx2 sequence
variants have been characterized (29). The B subunits form a
pentameric ring and mediate toxin binding to the glycolipid
receptor globotriaosylceramide (Gb3) (17, 18, 20). After inter-
nalization, Stxs undergo retrograde transport through the
Golgi apparatus to reach the endoplasmic reticulum and the
nuclear membrane (19, 36). The endoplasmic reticular mem-
brane is thought to be the site of translocation of a 27-kDa
fragment of the A subunit into the cytoplasm. The N-glycosi-
dase activity of the A-subunit fragment cleaves a specific ade-
nine residue from the 28S rRNA of eukaryotic ribosomes,
thereby blocking peptide elongation and inhibiting protein syn-
thesis (3, 37).

Studies utilizing human endothelial cells have shown that
Stxs possess minimal direct cytotoxicity for cultured cells (28,
44). In the presence of the proinflammatory cytokine tumor
necrosis factor alpha (TNF-�) or interleukin-1� (IL-1�), how-
ever, Stx-mediated endothelial cell cytotoxicity increases sig-
nificantly (22, 44), and TNF-� and IL-1� were shown to up-
regulate the expression of Gb3 on endothelial cells (33, 48, 51).
Endothelial cells do not appear to be a major source of TNF-�
or IL-1� synthesized in response to Stxs (42). Our studies
indicate that the innate immune response triggered by the
interaction of Stxs with macrophages may play a key role in the
pathogenesis of HUS and CNS pathology by providing the
cytokines necessary to sensitize vascular endothelial cells to the
action of the toxins (32). Chemokines may also play a role in
the pathogenesis of disease caused by Stx-producing bacteria.
Neutrophil transmigration into the intestinal lumen is a hall-
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mark of some inflammatory diseases of the gastrointestinal
tract, including those mediated by S. dysenteriae serotype 1 and
STEC (40). Purified Stxs have been shown to directly induce
the expression of the neutrophil chemoattractant interleukin-8
(IL-8 or CXCL8) by human intestinal epithelial cells (45, 53).
The treatment of intestinal epithelial cells with Stx1 results in
the stabilization of IL-8 mRNA, which may lead to prolonged
IL-8 production and secretion and increased neutrophil infil-
tration into the intestine (46). Finally, IL-8 and monocyte
chemoattractant protein 1 (MCP-1 or CCL2) have been de-
tected in the urine and sera of some HUS patients (50), sug-
gesting that chemokines are expressed after the hematogenous
dissemination of Stxs. The role in pathogenesis of chemokines
expressed by macrophages in response to Stxs and LPS has not
been extensively studied. Nonadherent human blood mono-
cytes were shown to express IL-8 in response to treatment with
Stxs (49), but nonadherent monocytes may not fully reproduce
the activities of tissue macrophages populating the lamina pro-
pria, kidneys, and CNS. The human monocytic cell line THP-1
may be differentiated to a mature macrophage-like state, and
these cells possess many of the physiological properties of
primary monocyte-derived macrophages (1). For this study, we
utilized macroarrays spotted with 268 cytokine and chemokine
cDNAs to investigate the chemokine response of differenti-
ated, macrophage-like THP-1 cells treated with purified Stx1,
LPS, or both. Real-time PCR and Northern blot analyses were
used to confirm the macroarray results and to examine the
kinetics of IL-8 transcript expression, respectively. We exam-
ined the relative stabilities of IL-8 transcripts induced by Stx1,
LPS, or both. Finally, we examined the synthesis and secretion
of chemokines by Stx1- and/or LPS-treated THP-1 cells.

MATERIALS AND METHODS

Cells and toxins. The human myelogenous leukemia cell line THP-1 (47) was
obtained from the American Type Culture Collection, Rockville, Md. The cells
were maintained in RPMI 1640 (Invitrogen, Carlsbad, Calif.) supplemented with
10% fetal bovine serum (HyClone Laboratories, Logan, Utah), penicillin (100
U/ml), and streptomycin (100 �g/ml) at 37°C in 5% CO2 in a humidified incu-
bator. Stx1 was expressed from the recombinant E. coli DH5�(pCKS112) strain,
which harbors a plasmid containing the stx1 operon under control of a thermoin-
ducible promoter (43). Stx1 in bacterial lysates was purified by sequential ion-
exchange, chromatofocusing, and immunoaffinity chromatography. Prior to use,
Stx1 preparations were shown to contain �0.1 ng of endotoxin/ml by use of a
Limulus amoebocyte lysate assay. Purified LPS derived from E. coli O111:B4 was
purchased from Sigma Chemical Co. (St. Louis, Mo.). E. coli O111 strains may
be STEC strains that are capable of causing outbreaks of hemorrhagic colitis or
HUS.

Macrophage differentiation and stimulation. The mature macrophage-like
state was induced by treating THP-1 cells (106 cells per ml) for 48 h with 50 ng
of phorbol 12-myristate 13-acetate (PMA; Sigma Chemical Co.)/ml in culture
dishes. Differentiated, plastic-adherent cells were washed twice with cold, sterile
Dulbecco’s phosphate-buffered saline (Sigma) and then incubated with fresh
medium without PMA but containing 10% fetal bovine serum, penicillin (100
U/ml), and streptomycin (100 �g/ml). The medium was changed every 24 h for
the next 3 days. Experiments were performed on the fourth day after PMA
removal. For all experiments, differentiated cells were treated with Stx1 (400
ng/ml), LPS (200 ng/ml), or Stx1 plus LPS (400 and 200 ng/ml, respectively) for
various times. We previously demonstrated that these stimulant doses produced
maximal cytokine protein secretion in differentiated THP-1 cells in vitro (32).
The amount of Stx that is necessary to cause systemic disease in humans is
unknown, but the Stx1 dose used in these experiments represents approximately
4 � 105 50% cytotoxic doses for Vero cells and 1 50% lethal dose for CD-1 mice
(43). The infusion of 200 to 280 ng (3 to 4 ng/kg of body weight) of LPS into
human volunteers induced hemodynamic changes and elevated TNF-� levels in
sera (27).

Macroarrays. Atlas human cytokine/receptor cDNA expression arrays (Clon-
tech, Palo Alto, Calif.), containing 268 immobilized human cDNAs, housekeep-
ing controls, and negative controls in duplicate dots on nylon membranes, were
used to detect cytokine and chemokine genes that are regulated by Stx1 and/or
LPS. We previously showed that LPS treatment of THP-1 cells rapidly induced
TNF-� and IL-1� transcripts (within 2 h), whereas the induction of cytokine
transcripts required longer (4 to 8 h) exposures to Stx1 (12). Therefore, approx-
imately 1.0 � 107 differentiated THP-1 cells plated in 100-mm-diameter cell
culture plates were treated with Stx1, LPS, or Stx1 plus LPS for 2 or 6 h. Total
RNAs were isolated, treated with DNase per the manufacturer’s instructions,
and stored at �70°C until use. In accordance with the manufacturer’s protocol,
the Atlas arrays were prehybridized at 68°C for 1 h with continuous agitation in
ExpressHyb prehybridization solution containing 100 �g of sheared salmon testis
DNA/ml (previously boiled for 5 min and chilled on ice prior to addition to the
prehybridization solution). During the prehybridization step, 2 to 5 �g of total
RNA was converted to 32P-labeled cDNA by use of an Atlas Pure total RNA
labeling system (Amersham Pharmacia Biotech Inc., Piscataway, N.J.). Unincor-
porated 32P-labeled nucleotides were removed by column chromatography using
spin columns provided with the Atlas Pure total RNA labeling system (Clon-
tech). C0t-1 DNA was added to the labeled probe to reduce background hybrid-
ization to repetitive DNA sequences prior to the addition of the probe to the
hybridization solution. The probe was allowed to hybridize overnight at 68°C
with continuous agitation. Blots were then washed three times with 100 ml of
prewarmed wash solution I (2� SSC [1� SSC is 0.15 M NaCl plus 0.015 M
sodium citrate], 1% sodium dodecyl sulfate [SDS]) for 30 min at 68°C, followed
by one wash with 100 ml of prewarmed wash solution II (0.1� SSC, 0.5% SDS)
at 68°C for 30 min. A final 5-min wash was performed with 100 ml of wash
solution III (2� SSC) at room temperature. The Atlas arrays were then removed,
wrapped in plastic, and exposed to X-ray film at �70°C with an intensifying
screen. Screens were scanned by use of a PhosphorImager (Molecular Dynamics,
Sunnyvale, Calif.) to visualize up- and down-regulated genes. The data were
quantitated with ImageQuant software (Molecular Dynamics). The experiments
were performed in duplicate, with glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) included for normalization. The complete gene list for the Atlas
human cytokine/receptor cDNA expression array (7744–1) may be viewed at
www.bdbiosciences.com/clontech/atlas/genelists/index.shtml.

Real-time PCR. Total RNAs were isolated by use of an RNeasy mini kit
(Qiagen, Valencia, Calif.) with an RNase-free DNase (Qiagen) treatment for 30
min. Per the manufacturer’s instructions, RNAs were reverse transcribed to
cDNAs by the use of TaqMan reverse transcription reagents, and real-time PCRs
were performed on the resulting cDNAs by the use of SYBR Green I double-
stranded DNA binding dye (Applied Biosystems, Foster City, Calif.). Real-time
primers specific for macrophage inflammatory protein 1� (MIP-1�; also called
SICA3), MIP-1� (SICA4), growth-related oncogene � (GRO-�; also called
GRO-2), IL-8, and GAPDH were designed with Primer Express software (Ap-
plied Biosystems) and are listed in Table 1. The real-time PCRs were carried out
with a 100 nM concentration (each) of forward and reverse primers in a total
volume of 25 �l. In order to control for the presence of contaminating DNA in
the real-time reactions, we included reverse transcriptase-negative reactions.
Template-negative controls were also run in order to test for DNA-contaminated

TABLE 1. Real-time PCR primersa

Target Orien-
tationb Primera sequence (5�-3�)

MIP-1� (SICA3) F TTGTGATTGTTTGCTCTGAGAGTTC
R CGGTCGTCACCAGACACACT

MIP-1� (SICA4) F CCCTGGCCTTTCCTTTCAGT
R AGCTTCCTCGCGGTGTAAGA

GRO-� (GRO2) F CTGCCCTTACAGGAACAGAAGAG
R CAAACACATTAGGCGCAATCC

IL-8 F AAGGAACCATCTCACTGTGTGTAAAC
R ATCAGGAAGGCTGCCAAGAG

GAPDH F CAACGGATTTGGTCGTATTGG
R GGCAACAATATCCACTTTACCAGAGT

a Primers were designed with Primer Express software as described in Mate-
rials and Methods.

b F, forward; R; reverse.
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primers. Real-time reactions were run and analyzed by use of an ABI PRISM
7500 sequence detection system (Applied Biosystems). Dissociation curves for
PCR samples were made by an additional denaturation step at 95°C for 15 s,
annealing at 60°C for 20 s, and a slow increase in temperature back to 95°C with
a ramp time of 19 min 59 s to guarantee amplification of the correct genes. The
amount of induction of mRNA was determined from threshold cycle values
normalized for GAPDH expression and then normalized to the value derived
from cells at time zero prior to the medium change or treatment.

Northern blot analysis. To determine IL-8 mRNA kinetics and decay rates, we
treated differentiated THP-1 cells with stimulants in the presence or absence of
the transcriptional inhibitor actinomycin D (ActD; Sigma) according to the
protocol of Harrold et al. (13). Based on the IL-8 mRNA kinetic data from this
study, 5.0 �g of ActD/ml was added to the cells 1 h after treatment with LPS or
Stx1 plus LPS or 6 h after Stx1 treatment. Two 1.0-ml aliquots of each cell
supernatant were collected and stored at �20°C for use in enzyme-linked im-
munosorbent assays (ELISAs) (see below). Total RNAs were extracted from
cells by the TRIzol reagent (Invitrogen) protocol for cell monolayers. After
extraction, total RNA samples (up to 15 �g) were electrophoresed in 1.0%
agarose-formaldehyde gels at 50 V for 1.5 h and then transferred to positively
charged nylon membranes by use of a Turboblotter apparatus (Schleicher &
Schuell, Keene, N.H.) for at least 3 h. Transferred RNAs were cross-linked to
membranes by use of a UV cross-linker (Bio-Rad, Hercules, Calif.). The mem-
branes were washed in 2� SSC–0.5% SDS for 30 to 60 min and then prehybrid-
ized at 42°C for at least 3 h in a 10-ml hybridization solution containing 100 �g
of salmon testis DNA/ml, 2� SSC, 50% formamide (Sigma), 10% SDS, and 5�
Denhardt’s solution (Invitrogen) in diethyl pyrocarbonate-treated water. A hu-
man IL-8 cDNA probe was a kind gift from Cheleste Thorpe, Division of
Geographic Medicine and Infectious Diseases, Department of Medicine, Tufts—
New England Medical Center, Boston, Mass. Prior to prehybridization, IL-8
plasmid DNA was digested with EcoRI (New England Biolabs, Beverly, Mass.)
to yield a 500-bp fragment containing 365 bp of the IL-8 gene in addition to
sequences derived from a portion of the poly(A)� tail. Restriction fragments
were visualized after electrophoresis of the digests in 1.2% agarose gels contain-
ing ethidium bromide. The 500-bp fragment was excised and purified by use of
a QIAquick gel extraction kit (Qiagen). During the last hour of prehybridization,
the IL-8 cDNA fragment was resuspended in 10 mM Tris–1.0 mM EDTA (TE),
pH 8, to a total volume of 45 �l for use in [�-32P]dCTP random primer labeling
reactions performed with a Rediprime II kit (Amersham Pharmacia Biotech
Inc.). A 316-bp human GAPDH DNA probe (Ambion Inc., Austin, Tex.) was
randomly labeled by use of a Rediprime II kit to detect GAPDH mRNA, which
served as an mRNA stability control as well as a loading control. After labeling,
unincorporated [�-32P]dCTP was removed by the use of TE-Midi-Select D G-50
Sephadex columns (Shelton Scientific, Shelton, Conn.). The labeled probes were
ready to use after boiling for 5 min. 32P-labeled probes were added to the
hybridization solution overnight at 42°C. After hybridization, the blots were
rinsed with 2� SSC, washed twice with 2� SSC–1.0% SDS for 15 min at room
temperature, and then washed once with 0.1� SSC–1.0% SDS for 30 min at
60°C. The blots were dried briefly prior to exposure to a PhosphorImager screen
and were analyzed by use of a PhosphorImager (Molecular Dynamics). The
membranes were stripped by boiling in 0.1� SSC–0.1% SDS twice for 15 min and
then sequentially reprobed with the GAPDH probe at 42°C. Quantitation of the
pixel intensities of the RNA bands was done with ImageQuant software (Mo-
lecular Dynamics). All of the RNA data were normalized by dividing the IL-8
band intensities by the corresponding GAPDH band intensities at each time
point. Kinetic data were then expressed as percentages of IL-8 mRNA above the
basal level, determined as follows: [(intensity of stimulated cells � intensity of
unstimulated cells)/(intensity of unstimulated cells)] � 100.

mRNA decay data were expressed as percentages of IL-8 mRNA remaining,
determined as follows: (intensity of cells stimulated with ActD when t 	 n/in-
tensity of cells stimulated with ActD when t 	 0) � 100, where n equals the time
of ActD exposure, so that when n 	 0, the percentage of IL-8 mRNA remaining
equals 100.

Chemokine ELISAs. Quantitation of secreted IL-8, MIP-1�, and MIP-1�
protein concentrations was performed by the use of corresponding Quantikine
colorimetric sandwich ELISA assay kits (R&D Systems, Minneapolis, Minn.).
GRO-� protein concentrations were determined by use of a TiterZyme EIA
human GRO-� enzyme immunometric assay kit from Assay Designs, Inc. (Ann
Arbor, Mich.). Cellular debris was removed from the supernatants of treated
cells by centrifugation. Dilutions of Stx1, LPS, and Stx1-plus-LPS samples were
made when necessary, and kit-specified volumes of each sample were added in
triplicate to the ELISA plate wells. The manufacturer’s protocol was followed,
and A450 and A570 were measured by a microtiter plate reader (MR5000; Dyna-
tech Laboratories, Chantilly, Va.). Chemokine protein concentrations were cal-

culated based on standard curves. The assay sensitivities were 4 pg/ml (IL-8), 10
pg/ml (MIP-1�), �10 pg/ml (MIP-1�), and 20.5 pg/ml (GRO-�).

Statistics. Statistics for experiments were performed with the SAS statistics
program (SAS Institute, Cary, N.C.) or Excel (Microsoft Corporation, Redmond,
Wash.). Real-time PCR inductions and IL-8 mRNA kinetics were analyzed by
two-way analyses of variance (ANOVAs), with the Duncan multiple range test
used for posthoc comparisons. IL-8 mRNA levels in decay experiments and IL-8,
MIP-1�, MIP-1�, and GRO-� protein kinetics were analyzed by one-way ANO-
VAs, with the Duncan multiple range test used for posthoc analysis. For mRNA
half-lives, the calculated half-lives were analyzed by Student’s t test in Excel to
compare IL-8 mRNA half-lives in LPS- and Stx1-treated cells. P values of �0.05
were considered significant for all analyses. All data are presented as means and
standard errors of the means for a compilation of at least three independent
experiments.

RESULTS

Macroarray analysis of cytokine and chemokine gene ex-
pression in THP-1 cells treated with Stx1 and/or LPS. Cyto-
kine gene expression analysis was performed with differenti-
ated THP-1 cells after incubation with Stx1, LPS, or Stx1 plus
LPS for 2 or 6 h. Total RNAs isolated from treated and
untreated cells were converted into 32P-labeled cDNA probes
and hybridized to identical arrays overnight (Fig. 1). Hybrid-
ization intensities were determined by use of a phosphorim-
ager and were normalized to the internal control GAPDH. The
induction level of genes in treated cells were calculated based
on the hybridization intensities in untreated cells. Genes that
were induced �2.0-fold were considered significantly up-reg-
ulated and those that were reduced ��1.0-fold were consid-
ered down-regulated. The changes in the expression of cyto-
kine and chemokine transcripts after the treatment of
differentiated THP-1 cells with Stx1 and/or LPS are summa-
rized in Table 2. Only six genes were consistently up-regulated
at least twofold by all treatments. These genes encoded
MIP-1� (SICA3 or CCL3), MIP-1� (SICA4 or CCL4), TNF-�,
IL-1�, IL-8, and GRO-� (GRO-2 or CXCL2). The only ex-
ception was IL-1� and IL-8 expression after Stx1 treatment for
2 h, for which the induction was �2.0-fold. Four of the six
up-regulated genes encode CC or CXC chemokines, which
primarily attract monocytes or neutrophils, respectively, to
sites of infection. As previously noted for TNF-� and IL-1�
expression (12), LPS and Stx1-plus-LPS treatments induced
higher levels of chemokine gene expression than treatment
with Stx1 alone.

Real-time PCR confirmation of chemokine mRNA expres-
sion in THP-1 cells. THP-1 cells were examined by quantitative
real-time PCR to verify the expression of MIP-1�, MIP-1�,
GRO-�, and IL-8 transcripts above that of untreated controls
after treatment with Stx1, LPS, or both for 2 or 6 h (Fig. 2). At
2 h, treatment with LPS or Stx1 plus LPS resulted in a signif-
icant induction (P � 0.05) of MIP-1� and MIP-1� mRNAs
compared to untreated controls, while GRO-� and IL-8
mRNA expression induction was only significant (P � 0.05)
after treatment with Stx1 plus LPS (Fig. 2a). After 6 h, a
significant induction (P � 0.05) of MIP-1�, MIP-1�, and
GRO-� mRNAs occurred only when cells were treated with
Stx1 plus LPS (Fig. 2a). IL-8 mRNA induction, however, was
significantly elevated (P � 0.05) above untreated control levels
after treatment with LPS or Stx1 plus LPS (Fig. 2a). Further-
more, from 2 to 6 h there was a significant increase (P � 0.05)
in IL-8 mRNA levels for both LPS and Stx1-plus-LPS treat-
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ments (Fig. 2a). While MIP-1� and MIP-1� transcripts ap-
peared to decrease from 2 to 6 h, these differences were not
significant. In the case of GRO-�, the trend was similar to that
of IL-8 in that transcript levels appeared to increase from 2 to
6 h, but this difference was also not significant. Interestingly,
the Stx1-plus-LPS treatment induced significantly higher levels
of IL-8 mRNA than LPS alone at 6 h (P � 0.05). Treatment
with Stx1 alone appeared to induce chemokine levels above
those of untreated controls at 2 or 6 h (Fig. 2b), but two-way
ANOVAs did not reveal significant differences compared to
untreated controls.

IL-8 mRNA kinetics in THP-1 cells treated with Stx1 and/or
LPS. Previous reports showed that Stx1 treatment of human
intestinal epithelial cell lines resulted in the expression of IL-8
(45, 53). However, our real-time PCR studies suggested that
Stx1 did not significantly activate IL-8 gene expression in mac-

rophage-like THP-1 cells within 6 h of toxin treatment. There-
fore, we used Northern blot analyses to more extensively char-
acterize the IL-8 transcriptional response to Stx1 and/or LPS.
When THP-1 cells were treated with LPS or Stx1 plus LPS
(Fig. 3a), IL-8 transcript induction occurred rapidly and with
indistinguishable kinetics until 16 and 24 h posttreatment,
when Stx1-plus-LPS-induced IL-8 transcript levels were signif-
icantly higher than LPS-induced transcript levels (P 	 0.0014
at 16 h and P 	 0.0005 at 24 h). Due to the rapid induction of
apoptosis in Stx1-plus-LPS-treated THP-1 cells (L. M. Harri-
son and V. L. Tesh, submitted for publication), we were unable
to extract adequate RNA for Northern blots past the 24-h time
point. The treatment of cells with Stx1 alone resulted in a
relatively slow induction of IL-8 transcripts, with significantly
elevated levels first reached at 12 h posttreatment and peaking
at 36 h (Fig. 3b). In terms of maximal IL-8 transcript levels

FIG. 1. Differential gene expression by THP-1 cells after treatment with Stx1, LPS, or Stx1 plus LPS, as measured by cDNA macroarrays.
Differentiated THP-1 cells were left untreated, treated with 200 ng of LPS/ml, treated with 400 ng of Stx1/ml, or treated with Stx1 plus LPS for
6 h. Total RNAs were isolated and converted into 32P-labeled cDNA probes by the use of reverse transcriptase. The probes were hybridized to
membranes containing cDNAs derived from 268 cytokine and chemokine genes spotted in duplicate. Hybridization was detected by use of a
phosphorimager. Paired spots within squares correspond to the GAPDH internal control (position 1d on the membranes). Pairs of spots identified
by circles correspond to IL-1� (position 3c) and TNF-� (position 14i). Pairs of spots identified by rectangles correspond to IL-8 (position 3j),
MIP-1� (position 6n), MIP-1� (position 6o), and GRO-� (position 7b).
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above basal values, LPS induced approximately 5 times more
and Stx1 plus LPS induced approximately 10 times more IL-8
mRNA than treatment with Stx1 alone.

Stx1 and Stx1 plus LPS induce IL-8 transcripts with in-
creased stabilities compared to IL-8 transcripts induced by
LPS. We previously reported that increased TNF-� and IL-1�
mRNA stabilities may be involved in the maintenance of ele-
vated TNF-� and IL-1� transcript levels after the treatment of
THP-1 cells with Stx1 in the presence or absence of LPS (12).
An increased IL-8 mRNA stability associated with Stx1 treat-
ment of intestinal epithelial cells has also been reported (46).
To determine whether Stx1 affects IL-8 transcript stability, we
treated THP-1 cells with Stx1 for 6 h and with LPS or Stx1 plus
LPS for 1 h and then added the transcriptional inhibitor acti-
nomycin D to measure mRNA decay rates by Northern blot
analyses. LPS-induced transcripts were labile, with a calculated
half-life of 1.2 h (Fig. 4a). Stx1- and Stx1-plus-LPS-induced
IL-8 transcripts decayed more slowly (Fig. 4b). The calculated
half-life for Stx1-induced IL-8 mRNA was 4.1 h, while the
half-life for Stx1-plus-LPS-induced IL-8 mRNA was longer
than the time course of the experiment (�5 h). A statistical
analysis revealed that IL-8 mRNA from cells treated with Stx1
had a significantly longer half-life than IL-8 mRNA from cells
treated with LPS (P 	 0.02). Although we did not determine a
half-life for IL-8 transcripts induced by Stx1 plus LPS, a sta-
tistical analysis of IL-8 mRNA levels indicated that Stx1-in-
duced IL-8 transcript levels were significantly lower than the
Stx1-plus-LPS-induced levels over time, and thus the half-life
of Stx1-plus-LPS-induced IL-8 mRNA was also significantly
longer than the half-life of LPS-induced mRNA.

Treatment of THP-1 cells with Stx1, LPS, and Stx1 plus LPS
results in IL-8 protein production. Fig. 5 shows the induction
of IL-8 protein over time for THP-1 cells treated with LPS,
Stx1, and Stx1 plus LPS. In general, IL-8 protein production
correlated with IL-8 mRNA expression. For cells treated with
LPS (Fig. 5a), IL-8 expression was significantly elevated (P �
0.05) at 4 h posttreatment, with a peak concentration of 151.8
ng/ml reached at 72 h. IL-8 protein levels from Stx1-treated
cells (Fig. 5b) were not elevated above control levels until 8 h
after treatment, with significant elevations occurring at 24 h (P

� 0.05). Peak IL-8 protein expression by Stx1-treated cells was
approximately 15-fold less than that by LPS-treated cells. This
observation is consistent with previous reports showing that
Stx1 is a less potent inducer of TNF-� and IL-1� than is LPS
(12, 35). For cells treated with Stx1 plus LPS (Fig. 5c), signif-
icantly elevated IL-8 expression was reached after 3 h. How-
ever, the treatment of THP-1 cells with both stimulants re-
sulted in less IL-8 protein than that predicted based on the
levels of IL-8 mRNA induced by Stx1 plus LPS. The “spike” of
IL-8 mRNA we noted after 16 h of Stx1-plus-LPS exposure did
not manifest as markedly increased IL-8 protein synthesis.

MIP-1�, MIP-1�, and GRO-� protein expression in THP-1
cells treated with Stx1, LPS, and Stx1 plus LPS. We examined
the patterns of expression of the monocyte chemoattractants
MIP-1� and MIP-1� and the neutrophil chemoattractant
GRO-� after 24-h treatments of THP-1 cells with Stx1, LPS,
and Stx1 plus LPS. Within 4 h, relatively high levels of MIP-1�
(Fig. 6a) and MIP-1� (Fig. 6b) were expressed by cells that
were treated with all of the stimulants, reaching concentrations
of 20 to 40 ng/ml. LPS was the most significant (P � 0.05)
stimulant of MIP-1� and MIP-1� expression, while Stx1 was
the least robust inducer of these chemokines. MIP-1� and
MIP-1� levels induced by LPS or Stx1 plus LPS roughly dou-
bled over the next 8 h of stimulation and then remained con-
stant for the remainder of the experiment. The levels of
MIP-1� and MIP-1� induced by Stx1 did not appear to in-
crease significantly beyond the 4-h time point. GRO-� expres-
sion (Fig. 6c) was slower and continued to rise for all treat-
ments throughout the course of the experiments. As was the
case for the IL-8 protein, the treatment of cells with Stx1 plus
LPS resulted in the synthesis or release of the MIP-1�, MIP-
1�, and GRO-� proteins at intermediate levels between those
induced by treatments with Stx1 alone and LPS alone.

DISCUSSION

Given the property of TNF-� and IL-1� to modulate toxin
receptor expression on vascular endothelial cells, our earlier
studies focused on the mechanisms by which Stxs signal proin-
flammatory cytokine expression by macrophages (7, 12, 35).

TABLE 2. Induction of up- and down-regulated genes in Stx1- and/or LPS-treated THP-1 cells

Encoded protein Functional category GenBank accession

Fold inductiona

Stx1 LPS Stx1 � LPS

2 h 6 h 2 h 6 h 2 h 6 h

SICA3 Chemokine M23452 2.2 3.9 27.5 33.8 48.2 91.1
SICA4 Chemokine J04130 3.4 6.8 8.5 81.6 155.1 55.5
TNF-� Cytokine X01394 7.9 6.6 25.1 31.8 40.1 37.7
IL-1� Cytokine K02770 1.6 3.7 11 22 34.9 28.9
IL-8 Chemokine Y00787 1.6 2.4 6.4 12.2 14.8 11.7
GRO-2 Chemokine X53779 2.5 4.7 9.2 9.1 11.9 11.1
SICA2 Chemokine M24545 1.7 1.4 NC 7.9 NC 8.9
SICA5 Chemokine M21121 NC NC 3.2 5.4 3.4 8.6
ET-2 Chemokine M65199 2.7 NC NC NC 2.7 10.9
BMP4 Chemokine D30751 NC �3.0 1.6 1.9 3.2 �1.6
SCBPA8 Chemokine X06234 2.4 �1.2 NC 2.0 NC NC
CRHR1 Chemokine receptor X72304 NC NC NC NC 1.8 �2.4
FKTR3 Chemokine U04806 NC NC NC NC 1.9 �2.5

a NC, no change; fold induction values of ��2.0 to 
�1.0.
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For this study, we used commercially available macroarrays
spotted with cytokine and chemokine cDNAs to obtain a more
global view of the macrophage transcriptional response to Stx1
and/or LPS. We showed that genes encoding the following six

proteins were consistently up-regulated in response to the bac-
terial products: the proinflammatory cytokines TNF-� and IL-
1�, the CC chemokines MIP-1� and MIP-1�, and the CXC
chemokines IL-8 and GRO-�. For four of the six genes, the

FIG. 2. Real-time PCR verification of chemokine expression in Stx1- and/or LPS-treated THP-1 cells. Differentiated THP-1 cells (5 � 106

cells/ml) were incubated with medium alone (open bars), 200 ng of LPS/ml (hatched bars), or Stx1 plus LPS (closed bars) (a) or with medium alone
(open bars) or 400 ng of Stx1/ml (closed bars) (b) for 2 or 6 h. Threshold cycle values were normalized for GAPDH expression, and the levels of
induction of MIP-1�, MIP-1�, GRO-�, and IL-8 expression were calculated relative to the 0-h untreated control. Data are expressed as means �
standard errors of the means (error bars) for three or four independent experiments. An asterisk (*) denotes a significant difference (P � 0.05)
between treatments at each time point for each cytokine. A plus sign (�) denotes a significant difference (P � 0.05) between the 2- and 6-h cytokine
induction levels within each treatment. A number sign (#) denotes a significant difference (P � 0.05) in cytokine induction between treatments
within a time point.
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levels of transcripts induced by treatment with Stx1 plus LPS
were higher than those of transcripts induced by either treat-
ment alone at the 2- and 6-h time points. The exceptions were
the chemokines IL-8 and MIP-1�, for which treatment with
LPS alone for 6 h induced larger increases than treatment with
Stx1 plus LPS. Other genes showed more complex patterns of
induction. Monocyte chemotactic protein 1 (SICA2 or CCL2)
was only up-regulated after 6-h treatments with LPS or Stx1
plus LPS. RANTES (SICA5 or CCL5) was induced by LPS,
and its expression was increased by Stx1 plus LPS. Endothe-
lin-2 (ET2) was induced early (2 h) by Stx1 and Stx1 plus LPS,
and ET2 mRNA levels were increased by treatment with Stx1
plus LPS at 6 h. Bone morphogenetic protein 4 (BMP4) was
induced early by Stx1 plus LPS, but its levels were down-
regulated by a longer exposure to Stx1 or Stx1 plus LPS. Cor-
ticotropin-releasing hormone receptor 1 (CRHR1) and fms-
related tyrosine kinase 3 ligand (FKTR3) were modestly down-
regulated by exposure to Stx1 plus LPS. S100 calcium-binding
protein A8 (SCBPA8) was the only transcript that was up-
regulated early (2 h) in response to treatment with Stx1 alone.

We used chemokine-specific forward and reverse primers to
conduct real-time PCRs to verify the chemokine expression
patterns of Stx1-, LPS-, and Stx1-plus-LPS-treated THP-1

cells. In accordance with the macroarray data, Stx1 treatment
alone induced modest levels of chemokine transcripts at 2 and
6 h. At 2 h, LPS induced significant levels of the CC chemo-
kines MIP-1� and MIP-1� (P � 0.05) but did not induce
significant levels of the CXC chemokines IL-8 and GRO-�. Six
hours after LPS treatment, the levels of MIP-1� and MIP-1�
transcripts were not significantly different from those in un-
treated cells, suggesting that transcriptional activation may be
transient or that the mRNA transcripts are labile. LPS induced
modest levels of GRO-� transcripts, while 6 h of LPS treat-
ment produced a significant level (P � 0.05) of IL-8 mRNA
expression. After both 2 and 6 h of Stx1-plus-LPS treatment,
significant levels of all of the observed chemokines were ex-
pressed (P � 0.05).

We noted some discrepancies between the macroarray and
real-time PCR results. For example, the macroarray data sug-
gested that there was a slight decrease in IL-8 transcripts
induced by Stx1 plus LPS between 2 and 6 h, yet the real-time
PCR data showed an increase in IL-8 mRNA induced by Stx1
plus LPS between the 2- and 6-h time points. To examine in
more detail the kinetics of IL-8 mRNA expression by THP-1
cells treated with Stx1 and/or LPS, we utilized Northern blot
analysis. The treatment of cells with Stx1 alone resulted in a
slow induction of IL-8 mRNA expression, with significant tran-
script elevation noted 12 h after toxin treatment. In contrast,
LPS and Stx1-plus-LPS treatments induced IL-8 transcripts
with almost identical rapid kinetics until 16 to 24 h posttreat-
ment, when the levels of IL-8 mRNA expressed by Stx1-plus-

FIG. 3. Comparison of IL-8 mRNA expression in THP-1 cells
treated with Stx1, LPS, and Stx1 plus LPS. Differentiated THP-1 cells
(5 � 106 cells/ml) were treated with 400 ng of Stx1/ml, 200 ng of
LPS/ml, or both for 0 to 72 h. Total RNAs (5 to 15 �g) were subjected
to Northern blot analysis with 32P-labeled IL-8 and GAPDH cDNA
probes. Hybridization was detected and quantitated by use of a phos-
phorimager and was expressed as a percentage of IL-8 mRNA above
basal (unstimulated) expression. The data are expressed as means �
standard errors of the means (error bars) for at least three indepen-
dent experiments with LPS- and Stx1-plus-LPS-treated THP-1 cells (a)
and Stx1-treated THP-1 cells (b). An asterisk (*) denotes a significant
difference (P � 0.05) between the LPS and Stx1-plus-LPS treatments.
A number sign (#) denotes the first point of significant induction for
Stx1-induced IL-8 mRNA; data for all time points of �12 h were
significantly different from that at the zero time point.

FIG. 4. Effects of Stx1 and/or LPS on IL-8 mRNA stability in
THP-1 cells. Differentiated THP-1 cells (5 � 106 cells/ml) were treated
with LPS (200 ng/ml) for 1 h (a) or with Stx1 (400 ng/ml) for 6 h or Stx1
plus LPS for 1 h (b). Actinomycin D (ActD) was then added to each
plate at a final concentration of 5.0 �g/ml. Total RNAs were isolated
at each of the indicated time points after ActD addition. Northern blot
analysis was performed, and IL-8 mRNA was detected and quantitated
by use of a phosphorimager. The data are expressed as means of the
percentages of IL-8 mRNA remaining (log) � standard errors of the
means (error bars) for at least three independent experiments. Treat-
ments with the same symbol were significantly different (P � 0.05)
from each other.
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LPS-treated cells were significantly elevated compared to
those in cells treated with LPS alone. We have shown that the
treatment of macrophage-like THP-1 cells with Stx1 plus LPS
results in programmed cell death (Harrison and Tesh, submit-
ted), and at later time points we were unable to extract ade-
quate amounts of RNA to perform Northern blots. These data
suggest that coincident with apoptotic signaling induced by
Stx1 plus LPS, the IL-8 gene may become transcriptionally
active.

Thorpe et al. (46) reported that Stx1 treatment of a human
intestinal epithelial cell line stabilized IL-8 mRNA transcripts.
To determine whether changes in mRNA stability were in-
volved in the higher levels of IL-8 transcripts noted at later
time points for Stx1- and/or LPS-treated THP-1 cells, we used
the transcriptional inhibitor actinomycin D to measure tran-
script decay rates. LPS-induced IL-8 transcripts had a signifi-
cantly shorter half-life (1.2 h; P � 0.05) than Stx1- and Stx1-
plus-LPS-induced IL-8 transcripts (4.1 and 
5 h, respectively).
Measurements of soluble IL-8 production suggested that IL-8
transcripts and protein induced by Stx1 or LPS treatments

were correlated in that Stx1 induced a delayed expression of
IL-8 mRNA and protein, while LPS induced earlier, more
robust IL-8 mRNA and protein responses. This direct corre-
lation between transcription and translation did not manifest
in Stx1-plus-LPS-treated cells. Given the spike of IL-8 mRNA
expression and the increased stability of IL-8 mRNA induced
by Stx1 plus LPS treatment, we predicted that soluble IL-8
protein levels induced by both stimulants would exceed that
produced by cells treated with LPS alone. We found that the
amount of IL-8 protein elicited by Stx1-plus-LPS treatment
was fivefold less than that induced by LPS. This pattern of
diminished protein expression in response to Stx1-plus-LPS
treatment was also evident for MIP-1�, MIP-1�, and GRO-�
expression. Thus, in contrast to our earlier studies, in which
Stx1-plus-LPS treatment augmented the production of soluble
TNF-� (35), Stx1 appears to down-modulate the macrophage
chemokine response to LPS.

FIG. 5. IL-8 protein production by THP-1 cells treated with Stx1,
LPS, and Stx1 plus LPS. Cell-free supernatants from cells treated with
LPS (a), Stx1 (b), or Stx1 plus LPS (c) were collected and analyzed by
a human IL-8-specific ELISA. The data shown are means � standard
errors of the means (error bars) for at least three independent exper-
iments. Asterisks (*) denote the first significant expression difference
(P � 0.05) between untreated and treated cells; data for all time points
beyond this point were significantly different from the zero time point.

FIG. 6. MIP-1�, MIP-1�, and GRO-� protein production by
THP-1 cells treated with Stx1, LPS, or Stx1 plus LPS. Cell-free super-
natants from LPS-, Stx1-, and Stx1-plus-LPS-treated cells were col-
lected and analyzed by ELISAs specific for human MIP-1� (a),
MIP-1� (b), and GRO-� (c). The data shown are means � standard
errors of the means (error bars) for at least three independent exper-
iments. Significant differences between treatments are indicated by
asterisks (*).
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Before Stxs elicit proinflammatory cytokine expression, they
must traverse the intestinal epithelial cell barrier, and several
studies have shown that Stxs are transported in an apical-to-
basolateral manner across polarized intestinal epithelial cell
monolayers via energy-dependent transcytotic mechanisms
(14, 30). Neutrophil infiltration of the colonic submucosa and
fecal leukocytosis are characteristics of the colitis caused by
Stx-producing bacteria (40). Stxs have been shown to directly
induce the expression of the neutrophil chemoattractants IL-8
and GRO-� by intestinal epithelial cells in vitro (45, 46, 53).
These data suggest that Stxs not only possess the capacity to
breach the intestinal epithelium, but may also contribute to the
processes of neutrophil extravasation and migration into the
lamina propria and transmigration across the epithelium. Hur-
ley et al. (15) showed that the basolateral-to-apical migration
of neutrophils across intestinal epithelial cell monolayers re-
sulted in enhanced paracellular transport of Stxs across the
monolayers. Thus, the localized production of IL-8 and other
chemokines in response to Stxs may establish an amplification
loop in which the gut is made markedly more permeable to
Stxs and other bacterial constituents such as LPS.

It has proven difficult to detect circulating Stxs in the blood,
and the precise means of systemic toxin transport remain to be
fully characterized. Following translocation into the lamina
propria or destruction of the colonic epithelium, Stxs may be in
an environment that is rich in neutrophils and macrophages.
The toxins may delay the onset of neutrophil apoptosis,
thereby extending the life span of these short-lived cells (21). te
Loo et al. (41) have reported that Stx1 binds to neutrophils in
blood plasma via a relatively low-affinity interaction with a
non-Gb3 receptor. Furthermore, functional Stx1 can be trans-
ferred from neutrophils to endothelial cells in vitro. These
findings raise the possibility that the elicitation of a neutrophil
infiltrate in the lamina propria may provide cells to which Stxs
“piggyback” for distribution to the microvasculature of target
organs.

In addition to acting as chemoattractants for cells that in-
crease intestinal permeability and serve to disseminate toxins,
IL-8 and the GRO proteins are known to activate the phago-
cytic and respiratory burst activities of neutrophils and ba-
sophils (10, 52). All three GRO proteins are expressed by
macrophages in response to LPS treatment, and the GRO-�
protein is expressed by Stx1-treated intestinal epithelial cells
(11, 46). We show here that Stx1 and LPS induce the expres-
sion of the GRO-� protein from THP-1 cells. By activating
neutrophils, IL-8 and GRO-� production may contribute to
the development of extraintestinal disease triggered by Stxs.
Neutrophils isolated from HUS patients are more adherent to
endothelial cell monolayers and mediate more destruction of
underlying fibronectin substrates than neutrophils isolated
from healthy controls (6). The levels of urinary IL-8 and mono-
cyte chemoattractant protein 1 are frequently elevated in HUS
patients and correlate with neutrophil and monocyte infiltra-
tion into the kidneys (16, 50). The levels of IL-8 in the plasma
of HUS patients positively correlate with leukocytosis and
plasma elastase levels, a marker of neutrophil activation (4).
Finally, chemokines produced in response to Stxs may facili-
tate platelet activation and aggregation (9).

MIP-1� and MIP-1� are powerful monocyte chemoattrac-
tants that activate cells by increasing intracellular [Ca2�] and

releasing arachidonic acid (reviewed in reference 24). MIP-1�
production by macrophages is increased following engagement
with intercellular adhesion molecule 1 expressed on the sur-
faces of endothelial cells (23). Renal biopsies from patients
with inflammatory glomerulonephritis revealed elevated
MIP-1� and MIP-1� mRNA levels in glomerular leukocyte
infiltrates (2). IL-1�-treated human astrocytes release MIP-1�
proteins and human brain microvascular endothelial cells re-
lease MIP-1� in response to treatment with LPS, TNF-�,
gamma interferon, or IL-1� (25, 38). Collectively, these data
suggest that the localized production of MIP-1� and MIP-1� in
the kidneys and brain in response to Stxs and/or LPS, partic-
ularly at sites of monocyte-endothelial cell adherence, may
further exacerbate vascular damage.
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