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Shiga toxin-producing Escherichia coli (STEC) is widespread in the cattle population, but the clinical
significance of Shiga toxins (Stx’s) for the bovine species remains obscure. Since Stx’s exert immunomodu-
lating effects in other species, we examined the effect of purified Stx1 on a bovine B lymphoma cell line (BL-3)
and peripheral blood mononuclear cells (PBMC) isolated from adult bovine blood by viability assays and flow
cytometry analysis. Stx1 markedly induced apoptosis in stimulated BL-3 cells. The susceptibility of this
B-cell-derived cell line was induced only by either lipopolysaccharide (LPS) or pokeweed mitogen, while
cultures stimulated with T-cell mitogens were unaffected by the toxin. In contrast, Stx1 did not induce cellular
death—neither apoptosis nor necrosis—in primary cultures of PBMC but hindered the mitogen-induced
increase in metabolic activity. The influence of Stx1 on single PBMC subpopulations varied with the type of
mitogenic stimulus applied. Stimulation with phytohemagglutinin P particularly induced the proliferation of
bovine CD8-expressing (BoCD81) cells, and this proliferative response was blocked by Stx1. On the other
hand, Stx1 reduced the portion of viable B cells in the presence of LPS. Modulation of activation marker
expression (BoCD25 and BoCD71) by Stx1 indicated that the toxin hindered the proliferation of cells by
blocking their activation. In conclusion, we assume that Stx1 contributes to the pathogenesis of STEC-
associated diarrhea in calves by suppressing the mucosa-associated immune response. The usefulness of cattle
as a model in which to study Stx-induced immunomodulation is discussed.

The family of Shiga toxins (Stx’s) produced by Escherichia
coli strains represents potent biological cytotoxins, which enter
the cytosol of the target cell, completely truncate protein syn-
thesis, and thereby induce the death of the cell (35). Although
cell lines of several mammalian species are susceptible to the
Stx’s (9), Stx-producing E. coli (STEC) strains cause diseases
only in a limited number of species: hemorrhagic colitis or the
hemolytic-uremic syndrome (HUS) in humans (20) and edema
disease (ED) in piglets (15). In HUS as well as in ED, Stx-
mediated destruction of endothelial cells in venules and arte-
rioles results in a thrombotic microangiopathy, the histological
hallmark of both diseases (40, 49). However, there is growing
evidence that Stx’s also target immune cells of the host. Human
B-cell lines are highly susceptible to the cytotoxic action of
Shiga toxin 1 (Stx1) (28). B-cell activation studies have indi-
cated that the vast majority of Stx1-sensitive B cells belong to
the immunoglobulin G (IgG) and IgA committed subsets (5).
The selective elimination of these cells served as an explana-
tion for the formerly assumed absence of IgG class anti-Stx
antibodies in STEC-infected humans, leading to the failure of
long-term immunity (5). Similarly, infections with Stx1-produc-
ing E. coli (STEC1) strains caused an immunocompromised
condition in gnotobiotic pigs (4). However, the hypothesis of a
sustained generalized immunosuppression during STEC infec-
tions was contradicted by Wieler et al. (51), who demonstrated
the appearance of IgG antibodies against Stx2e, the ED prin-
ciple, following a natural outbreak of the disease. Finally, Rey-

mond et al. (39) confirmed that anti-Stx antibodies are detect-
able even in humans after subclinical infection. Understanding
the discrepancy of an immunosuppressive effect of Stx1 and
subsequent antibody titer development in STEC-infected indi-
viduals is highly important for devising strategies for vaccines
against STEC.

Cattle have been implicated as an important reservoir for
STEC (13). Nevertheless, the significance of Stx’s for bovines is
obscure. Epidemiological studies (50, 52, 53) and experimental
infections (3, 7) have revealed that STEC may cause bloody
diarrhea in calves, but pathogenicity was mainly attributed to a
different virulence factor of these bacteria: the induction of
attaching and effacing mucosal lesions (18, 31, 52, 53). How-
ever, Hoffman et al. (14) recently reported a lower lymphocyte
proliferative response after infection of calves with STEC
strains. Although cattle frequently possess antibody titers
against Stx’s (37), these findings point to a possible interaction
of Stx’s and the immune system even in the bovine species.
Examination of the effect of Stx’s on bovine immune cells
would thus not only elucidate the possible role of Stx during
STEC pathogenesis in diarrheic calves but also help to explain
the discrepancies recently reviewed concerning the interac-
tions of Stx with the immune system in general (24).

In the present study, we examined the effects of purified Stx1
on a bovine lymphoma cell line and freshly isolated bovine
peripheral blood mononuclear cells (PBMC) in vitro. Stx1 was
found to affect the cellular metabolic activities of BL-3 cells
and PBMC profoundly at very low doses. While BL-3 cells
were killed by the toxin via the induction of apoptosis, Stx1
reduced the activation and proliferation of PBMC subpopula-
tions without induction of cellular death. The data imply that
bovine immune cells do not differ significantly from those of
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humans and swine in their response to Stx1. Cattle may thus be
a useful model for the study of the mechanism of immuno-
modulation by Stx1, which appears to be a general feature of
STEC infections in different species.

(Part of this work was presented at the Sixth European
Workshop Conference on Bacterial Protein Toxins, Hindsgavl,
Denmark, 1995.)

MATERIALS AND METHODS

Toxin purification. Stx1 was purified from the bovine STEC1 strain 2403
(rough, H2) (50). Bacteria were grown for 12 h at 37°C in 8 liters of minimal
essential medium [3.5 g of K2HPO4, 1.5 g of KH2PO4, 0.5 g of sodium citrate
dihydrate, 0.1 g of MgSO4 z 7H2O, 1.0 g of (NH4)2SO4, and 2.0 g of glucose (all
per 1,000 ml of distilled water)]. Bacteria were harvested by centrifugation and
sonicated. Supernatant was clearified by ultracentrifugation (at 100,000 3 g for
2.5 h) and diluted 1:1 with 10 mM sodium phosphate buffer (pH 7.4). By use of
a fast protein liquid chromatography system (FPLC; Pharmacia, Freiburg, Ger-
many), crude toxin was applied to a column containing 10 ml of Cibacron blue
3G-A linked to agarose beads (HiTrap blue; Pharmacia). The column was
washed with 10 mM sodium phosphate buffer (pH 7.4) until the optical density
at 280 nm (OD280) reached the baseline. Elution was carried out with a gradient
from 0 to 1 M NaCl in 10 mM sodium phosphate buffer (pH 7.4). Fractions with
the highest cytotoxicity as determined in the Vero cell cytotoxicity assay were
obtained at 0.2 to 0.3 M NaCl and pooled. This partially purified toxin was
dialyzed overnight against 250 volumes of 10 mM sodium phosphate buffer (pH
7.4) and used for immunoaffinity chromatography. For this purpose, a column
containing 5 ml of protein A/G agarose (Schleicher und Schuell, Dassel, Ger-
many) was prepared by applying 250 ml of cell culture supernatant of the
hybridoma cell line 13C4, producing mouse anti-StxB1 monoclonal antibodies
(45), to the column. Weakly bound material was eluted with 0.2 M glycine–3 M
NaCl (pH 2.15), leaving the antibodies noncovalently linked to the gel matrix.
For purification of Stx1, the column was loaded with the partially purified and
dialyzed toxin and washed with 10 mM sodium phosphate buffer (pH 7.4) until
the OD280 reached the baseline. Elution was carried out stepwise: after a wash
with 0.2 M glycine (pH 3.5), the ionic strength was increased gradually from 0 to
0.75 M NaCl in 0.2 M glycine (pH 3.5). Finally, the pH of the flow was decreased
from 3.5 to 2.15 while the NaCl concentration was kept constant at 0.75 M. The
eluate was collected 2 ml at a time, and 175 ml of 1 M Tris (pH 9.0) was added
to each fraction. Fractions with the highest verocytotoxic doses were pooled and
dialyzed against 250 volumes of 0.15 M NaCl overnight. Finally, toxin prepara-
tions were passed through Detoxi-Gel columns (Pierce, Old-Beijerland, The
Netherlands) to remove endotoxin contaminants. The preparations contained
,0.01 ng of endotoxin per ml as determined by the Limulus amoebocyte lysate
assay. The concentration of Stx1 obtained by this method was 60,000 50%
verocytotoxic doses (CD50) per ml, equivalent to about 60 ng of purified Stx1/ml
(36). Consequently, sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) of the purified toxin did not show any protein band, at least
indicating the absence of major contaminating proteins (data not shown). The
preparation was very toxic for Vero and HeLa cells (at dilutions of 1:10,000 and
1:1,000, respectively) but not for MDBK cells (data not shown). However, only
those observed effects that could be prevented by preincubation of the prepara-
tion with the Stx1-specific monoclonal antibody were related to Stx1 (see below).

Cytotoxicity assay. Cytotoxic activities of toxin preparations were determined
on Vero cells (ATCC CRL 1587) as described previously (10) with minor mod-
ifications. Briefly, 50 ml of a 10-fold dilution series of toxin preparations prepared
with 0.15 M NaCl was pipetted into microtiter plates in triplicate (Nunc, Wies-
baden, Germany). Fifty microliters of 0.15 M NaCl and 50 ml of 1% SDS in 0.15
M NaCl were used as negative and positive controls, respectively. Next, 50 ml of
cell culture medium (RPMI 1640 supplemented with 10% fetal calf serum, 2 mM
glutamine, 100 U of penicillin per ml, and 100 mg of streptomycin per ml; Gibco
BRL, Berlin, Germany) was added. In neutralization studies, medium was sup-
plemented with purified anti-StxB1 (monoclonal antibody 13C4; 4.5 mg of im-
munoglobulin per ml). Preceding experiments had revealed that this concentra-
tion of antibody is sufficient to completely neutralize the biological activity of at
least 200 CD50/ml in the assays used in this study. After incubation (for 30 min
at room temperature [RT]) 50 ml of a Vero cell suspension (8 3 105 cells per ml
of cell culture medium) was applied to each well and the plates were incubated
for 96 h at 37°C in 5% CO2. Cellular metabolic activity was assessed by MTT
(3-[4,5-dimethyl-2-thiazolyl]-2,5-diphenyl tetrazolium bromide) reduction assay
as described below. The CD50 was calculated from dose-response curves geo-
metrically as the reciprocal of the toxin dilution causing a 50% reduction in
cellular metabolic activity.

Cell cultures. BL-3 cells (ECACC 86062401), a bovine B lymphoma cell line
originally isolated from an animal with spontaneous leukosis but secondarily
infected with bovine leukemia virus (41) and bovine diarrhea virus, were main-
tained in a 1:1 mixture of RPMI 1640 and Leibovitz L15 medium supplemented
with 20% fetal calf serum, 2 mM glutamine, 100 U of penicillin per ml, and 100
mg of streptomycin per ml (Gibco BRL). To obtain PBMC, blood samples were
taken from healthy, lactating adult cows (holstein X German black pied) from

the dairy herd of the Teaching and Research Farm “Oberer Hardthof” of the
Justus Liebig University. Samples were diluted 1:1 with Ca21- and Mg21-free
phosphate-buffered saline (PBS), layered onto Ficoll-Paque (Pharmacia), and
centrifuged (at 400 3 g and 20°C for 40 min) (2). Cells were recovered from the
Ficoll-buffer interface. Contaminating erythrocytes were removed by incubating
the cell suspension with lysis buffer (8.26 g of NH4Cl, 1.09 g of NaHCO3, and
0.037 g of Na3EDTA [all per 1,000 ml of distilled water]) for 5 min at RT. Cells
were washed twice with PBS and resuspended at 5 3 106 cells/ml in modified cell
culture medium (RPMI 1640 supplemented with 10% fetal calf serum and 3 mM
2-mercaptoethanol). PBMC preparations contained about 45% bovine CD41

(BoCD41) cells, 15% BoCD81 cells, 15% B cells, 15% monocytes, and 5%
gdT-cell receptor-positive (gdTCR1) T cells, with minor differences between the
preparations. Fifty microliters of cell suspension was plated onto 96-well flat-
bottom microtiter plates prepared as described above for the cytotoxicity assay.
In stimulation assays, medium was additionally supplemented with concanavalin
A (ConA; at a final concentration of 5 mg/ml), phytohemagglutinin P (PHA-P; 5
mg/ml), pokeweed mitogen (PWM; 10 mg/ml), or lipopolysaccharide (LPS) from
E. coli O111:B4 (25 mg/ml; Sigma, Deisenhofen, Germany). Plates were incu-
bated at 37°C with 5% CO2 for 1 to 8 days.

MTT reduction assay. Cellular metabolic activity was assayed by measuring
the reduction of MTT (Sigma) by mitochondrial enzymes in viable cells (46).
Twenty-five microliters of MTT stock solution (5 mg/ml in PBS) was added to
each well of the 96-well plates. Upon incubation (at 37°C for 4 h), the reaction
was stopped, and dye crystals were dissolved, by adding 100 ml of 10% SDS in
distilled water. After overnight incubation, the OD was read on a Titertek
Multiscan MCC/340 ELISA plate reader (Flow, Meckenheim, Germany) by
using a test wavelength of 540 nm and a reference wavelength of 680 nm. The
percent cellular metabolic activity was calculated by the formula [OD (sample) 2
OD (positive control)]/[OD (negative control) 2 OD (positive control)] 3 100.

DNA fragmentation assay. DNA strand breaks in individual apoptotic cells
were detected by the terminal deoxynucleotidyltransferase (TdT)-mediated
dUTP nick end labeling (TUNEL) method (11) by use of the fluorescein in situ
cell death detection kit (Boehringer, Mannheim, Germany) according to the
instructions of the vendor.

Immunophenotyping and flow cytometry analysis. At the end of the cultivation
period, PBMC were thoroughly resuspended and transferred to V-shaped mi-
crotiter plates (Greiner, Frickenhausen, Germany). After centrifugation (at
200 3 g for 10 min at 4°C), supernatants were removed by flicking of the plate.
Pellets were resuspended in 50 ml of cell culture medium as a negative control or
with supernatants of hybridoma cell lines (IL-A11 for BoCD11, IL-A105 for
BoCD8, IL-A65 for BoCD21, IL-A111 for BoCD25, and IL-A 77 for BoCD71
[33]; all kindly provided by J. Naessens, Nairobi, Kenya). The cells were incu-
bated for 20 min on ice, washed once with PBS, and resuspended with anti-
mouse–phycoerythrin conjugate (Sigma) diluted 1:100 in PBS containing 2 mg of
propidium iodide (PI) (Sigma)/ml. Following another 20 min on ice, the cells
were washed twice and analyzed with an EPICS ELITE Analyzer (Coulter,
Krefeld, Germany). Five thousand events were acquired from each sample. Data
analysis was performed with the ELITE 3.1 software provided by the manufac-
turer. Electronic gates were set according to the negative control included in
each test series, defining less than 2% of the cells as positive.

Statistical analysis. Data were analyzed statistically by two-way analysis of
variance (ANOVA) using BMDP/Dynamic software (Statistical Software Inc.).
Results were evaluated as follows: P # 0.001, highly significant; P # 0.01,
significant; P # 0.05, weakly significant; and P . 0.05, not significant.

RESULTS

Effect of Stx1 on BL-3 cells. The cellular metabolic activity of
the BL-3 cell line as assessed by MTT reduction was not af-
fected by Stx1 in a concentration range from 0.002 to 2,000
CD50/ml even when the cells were incubated with the toxin for
4 days (Fig. 1). Identical results were obtained when the cul-
tures were additionally supplemented with T-cell mitogens
(see Fig. 1 for PHA-P; ConA data not shown). However, ad-
ministration of certain mitogens rendered BL-3 cells highly
susceptible to Stx1. When cells of this B-cell-derived cell line
were stimulated with B-cell mitogens (see Fig. 1 for LPS; PWM
data not shown), even 20 CD50 of Stx1/ml were sufficient to
decrease the cellular metabolic activity. Two thousand CD50
per milliliter almost totally abolished the cells’ metabolic ac-
tivity. This effect was attributable to Stx1, as it was neutralized
with the monoclonal anti-StxB1 antibody 13C4 (1.5 mg/ml).
Since Stx1 is known to kill the human B lymphoma cell line
Daudi by induction of apoptosis (28), BL-3 cells were exam-
ined for DNA strand breaks. While 200 CD50 of Stx1/ml did
not influence the percentage of BL-3 cells bearing DNA strand
breaks in the absence of mitogens, the same dose of Stx1
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dramatically increased the percentage of apoptotic cells in
LPS-stimulated cultures (Fig. 2). Again, this effect could be
neutralized by anti-StxB1 13C4 (1.5 mg/ml).

Cellular metabolic activity and membrane integrity in Stx1-
treated and untreated PBMC cultures. Stx1 also affected the
cellular metabolic activity of bovine PBMC in vitro in a dose-
dependent manner. As with BL-3 cells, mitogenic stimulation

of the cells was a prerequisite for this effect of the toxin (Fig.
3). In unstimulated as well as in LPS-stimulated cultures, Stx1,
even at high concentrations, caused only a slight reduction of
cellular metabolic activity. In contrast, bovine PBMC highly
stimulated with PHA-P (the cellular metabolic activity in
PHA-P-stimulated controls was about 200% of the activity in
unstimulated controls) were very sensitive to Stx1. Even 0.02
CD50 of Stx1/ml partially blocked the mitogen-induced en-
hancement in cellular metabolic activity. By increasing the Stx1
concentration up to 2,000 CD50/ml, the stimulating effect of
the mitogen was nearly abolished. This metabolism-depressing
effect of Stx1 on bovine PBMC could be neutralized by the
addition of anti-StxB1 (1.5 mg/ml). Similar results were ob-
tained with ConA and PWM (data not shown). However, Stx1
did not suppress the metabolic activity of the cells completely,
since a remaining activity of at least 50% compared to those of
untreated and unstimulated controls was detectable with all
Stx1 concentrations and mitogens tested. The depressive effect
of Stx1 was prominent at day 4 of cultivation, as shown in Fig.
3. The differences in cellular metabolic activity between Stx1-
treated and untreated PBMC were almost negligible 2 and 6
days after initiation of the cultures (data not shown).

To determine whether the depressive metabolic effect of
Stx1 on PBMC was caused by the induction of cellular death,
PBMC incubated with 200 CD50/ml were analyzed flow cyto-
metrically for a loss of membrane integrity, indicated by an
uptake of PI. Although the percentage of dead cells constantly
increased from the day of preparation to the end of the incu-
bation period, no indication of a cytotoxic effect of Stx1 on
bovine PBMC was found. The percentage of PI-positive
PBMC did not differ between cultures supplemented with Stx1
only and those with both Stx1 and anti-StxB1 (1.5 mg/ml) for as
many as 8 days of incubation (data not shown).

Quantitation of DNA fragmentation in Stx1-treated and un-
treated PBMC cultures. Since cells dying from apoptosis lose
their membrane integrity at a very late stage of the cell death
process, bovine PBMC were additionally examined for DNA
strand breaks at day 4 of cultivation. As illustrated in Fig. 4, the

FIG. 1. Effect of purified Stx1 on the cellular metabolic activity of BL-3 cells.
Cells were incubated with 10-fold dilutions of purified Stx1 (0.002 to 2,000
CD50/ml; quantified on Vero cells as described in Materials and Methods) for
96 h at 37°C. The culture medium was free of mitogen (A) or was supplemented
with 5 mg of PHA-P/ml (B) or with 25 mg of LPS/ml (C). Observed effects were
assigned to Stx1 by comparison of the results obtained in the absence (open
circles) or presence (filled circles) of 1.5 mg of the monoclonal anti-StxB1 anti-
body 13C4/ml. Cellular metabolic activity was determined by MTT reduction
assay. Cells incubated with medium alone were used as a negative control, while
cells treated with 1% SDS served as a positive control to calculate percent
activity. Data are means 6 standard deviations from triplicate determinations.
Missing error bars are within symbols. Two-way ANOVA revealed significances
only for the curves presented in graph C (P # 0.001 for anti-StxB1; P # 0.001 for
the concentration of Stx1).

FIG. 2. Representative flow cytometric histograms illustrating the induction
of DNA strand breaks in BL-3 cells by Stx1. Cells were treated with 200 CD50/ml
(quantified on Vero cells as described in Materials and Methods) for 96 h at
37°C. The culture medium was free of mitogens (A) or was supplemented with
25 mg of LPS/ml (B). Observed effects were assigned to Stx1 by comparison of the
results obtained in the absence or presence of 1.5 mg of the monoclonal anti-
StxB1 antibody 13C4/ml. After incubation, DNA strand breaks were labeled by
the TUNEL method. Stx1 was able to induce DNA strand breaks only in LPS-
treated BL-3 cells. Histograms are from one representative of two experiments.
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percentages of apoptotic cells in cultures of unstimulated
PBMC incubated with Stx1 (200 CD50/ml) in the absence or
presence of anti-StxB1 (1.5 mg/ml) were 46.85% 6 3.88% and
50.38% 6 3.53%, respectively (means 6 standard deviations of
six determinations). In cultures stimulated with PHA-P,
35.17% 6 8.85% of the cells treated with Stx1 alone and
40.15% 6 6.22% of the cells incubated with both Stx1 and
anti-StxB1 showed DNA strand breaks. These data confirm the

observations made with PI uptake and show that Stx1 does not
induce apoptosis in bovine PBMC cultures.

Effect of Stx1 on lymphoblast transformation in bovine
PBMC cultures. During the cultivation and mitogenic stimu-
lation of PBMC, transformation of activated cells leads to an
enlargement in cell size, while the loss of viability results in a
reduction in cell size and a subsequent increase in granularity.
By using flow cytometry, the populations of vital blast cells,
vital non-blast cells, and subvital cells were monitored at days
2, 4, and 6 after initiation of the cultures. In accordance with
the finding that Stx1 did not induce cellular death in bovine
PBMC cultures, the kinetics of vital and subvital cell popula-
tions in PBMC cultures treated with Stx1 (200 CD50/ml) were
almost identical regardless of the presence of anti-StxB1 (1.5
mg/ml) (data not shown). However, monitoring of lymphocyte
transformation and proliferation in vitro with respect to mor-
phological parameters only may obscure the possible effects of
Stx1 on lymphocyte subpopulations. Hence, by immunopheno-
typing of different subpopulations, we examined the effect of
Stx1 on bovine PBMC in more detail. It turned out that Stx1
(200 CD50/ml) did not affect the transformation and prolifer-
ation of all subpopulations in a similar way; rather, the effects
varied with the type of mitogenic stimulus applied. BoCD41 T
cells exhibited almost identical morphological patterns under
all the conditions tested (with or without mitogen, with or
without Stx1) (Fig. 5, left column). In contrast, the prolifera-
tion of BoCD81 T cells was dramatically depressed by Stx1
when the cultures were stimulated by the T-cell mitogen
PHA-P (Fig. 5B). On day 4, when the percent viable BoCD81

blast cells was highest, Stx1 reduced this level by nearly 50%. A
similar effect was observed with BoCD81 non-blast cells in
cultures stimulated with PHA-P and in cultures stimulated
with the T-cell mitogen ConA (data not shown). An effect of
Stx1 on BoCD81 lymphocytes was much less striking in un-
stimulated or LPS-stimulated PBMC cultures (Fig. 5A and C).
In accordance with the effect observed with BoCD81 T cells
under T-cell stimulation, the fate of the BoCD211 B cells in
vitro was affected by Stx1 only when PBMC were stimulated
with the B-cell mitogen LPS. Although LPS did not induce
measurable B-cell proliferation in cultures of peripheral blood
lymphocytes, over time Stx1 forced a decline in the percentage
of vital non-blast B cells in LPS-treated PBMC cultures.

Effect of Stx1 on activation marker expression by bovine
lymphocytes. Before transformation and proliferation in vitro,
lymphocytes have to undergo several activation steps induced
by mitogen binding. Thus, we tested whether the proliferation-
inhibiting effect of Stx1 on bovine lymphocytes was due to the
blockade of the cell cycle and/or to a blockade of one of the
previous activation steps. Analyzing activation marker expres-
sion on bovine lymphocytes (Fig. 6), we determined that
BoCD25 (bovine interleukin-2 [boIL-2] receptor) was ex-
pressed on a higher percentage of PHA-P induced blast cells in
PBMC cultures treated with Stx1 (200 CD50/ml) alone than in
cultures that were additionally supplemented with anti-StxB1
(1.5 mg/ml). In contrast, the percentage of BoCD71 (trans-
ferrin receptor)-expressing cells was reduced by Stx1 on blast
cells despite the application of mitogenic stimuli.

DISCUSSION

Experimental infections (3, 7) and epidemiological studies
(50) have revealed that STEC strains are a cause of diarrhea in
calves. While strains secreting Stx2 are less frequently found in
these animals, those secreting Stx1 represent the majority of
STEC strains in calves (52, 53), and only the latter strains have
been linked to disease (50). However, no direct evidence for

FIG. 3. Effect of purified Stx1 on the cellular metabolic activity of bovine
PBMC. Cells were incubated with 10-fold dilutions of purified Stx1 (0.002 to
2,000 CD50/ml; quantified on Vero cells as described in Materials and Methods)
for 96 h at 37°C. The culture medium was free of mitogens (A) or was supple-
mented with 5 mg of PHA-P/ml (B) or 25 mg of LPS/ml (C). Observed effects
were assigned to Stx1 by comparison of the results obtained in the absence (open
circles) or presence (filled circles) of 1.5 mg of the monoclonal anti-StxB1 anti-
body 13C4/ml. Cellular metabolic activity was determined by MTT reduction
assay. Cells incubated with medium alone were used as a negative control, while
cells treated with 1% SDS served as a positive control to calculate percent
activity. Data are means 6 standard deviations of triplicate determinations from
one representative of six independent experiments. Missing error bars are within
symbols. Two-way ANOVA revealed significances for all curves in all panels
(P # 0.001 for anti-StxB1 and P # 0.001 for the concentration of Stx1).
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the involvement of Stx1 in the pathogenesis of calves’ diarrhea
is available to date. Confirming that primary cultures of bovine
cells are susceptible to Stx1, this report provides the first direct
evidence of a significance of this toxin for bovines. In calves
suffering from STEC-induced diarrhea, the ileal and colonic
mucosae are colonized with STEC (7) and some viable bacteria
are even translocated to the mesenteric lymph nodes (6). Since
we showed here that activated bovine lymphocytes are suscep-
tible to Stx1 in very low doses—1 CD50 was calculated to be
equivalent to 0.4 to 0.8 pg of purified Stx/ml (36)—we assume
that Stx1 produced in the proximity of intraepithelial and
lymph node lymphocytes affects the mucosal immune response
against STEC, at least in the acute phase of the enteric infec-
tion. This hypothesis is supported by the observation of a
marked lymphodepletion in the gut-associated lymphatic tis-
sues in STEC-infected diarrheic calves (43). The reduced mi-
togenic response of peripheral blood lymphocytes after STEC
infections in calves reported by Hoffman et al. (14) may there-
fore be just indicative of severe alterations in function of the
gut-associated lymphatic tissues.

The present study revealed that the effect of Stx1 on the
proliferation of bovine lymphocyte subpopulations is restricted
to mitogen-stimulated cultures. The effect was most prominent
for the BoCD81 population when they were stimulated with
the presumptive T-cell mitogen PHA-P. Nevertheless, bovine
B cells stimulated with the B-cell mitogen LPS were also
slightly affected by the toxin, resulting in an accelerated decline
of living B cells in these cultures (Fig. 5). It has been shown for
some species other than mice that peripheral blood B cells
respond only poorly to LPS (4). As depicted in Fig. 3, LPS did
not induce an enhancement in cellular metabolic activity in our
PBMC cultures. The slight effect of Stx1 on LPS-stimulated B
cells presumably just reflects the weak stimulation of this cell
population by LPS. On the other hand, PHA-P also stimulates
bovine B cells slightly, and consequently the decline in the level
of living B cells in PHA-P-stimulated cultures was marginally
accelerated by Stx1 (Fig. 5). We therefore assume that the
effect of Stx1 on the transformation of bovine lymphocytes is
not restricted to a particular subpopulation or type of stimu-
lant but rather extends to activated cells in general. Previous

studies have revealed a correlation of Stx receptor (Gb3/CD77)
expression with the state of cellular activation (29, 38). Induc-
tion of Gb3/CD77 expression on bovine lymphocytes by mito-
gens may thus easily explain the activation-dependent effect of
Stx1. Studies on this topic are currently in progress in our
laboratory.

In order to understand the immunomodulating effects of
Stx’s in their entirety, the events following toxin receptor in-
teractions also need to be elucidated. Apoptosis of lymphoid
cells is a naturally occurring process by which an organism
removes damaged or unnecessary cells, but it may also be
triggered by bacterial products such as butyric acid, Pasteurella
haemolytica leukotoxin, or Stx1 (23, 28, 44). Vero cells treated
with Stx1 show DNA strand breaks by 8 h after the onset of
exposure to Stx1 (16). However, the effect of Stx1 on the
proliferation of bovine lymphocytes was most prominent 72 to
120 h after initiation of the cultures tested by us. This was
apparently due to the activation requirement and the maxi-
mum of proliferation that occurred at that time. Consequently,
we examined cells for DNA strand breaks 96 h after initiation
of the cultures. Surprisingly, although Stx1 clearly induced
apoptosis in a bovine lymphoma cell line, there was no evi-
dence of increased apoptosis in primary cultures of bovine
lymphocytes exposed to Stx1. The failure to detect DNA strand
breaks is in accordance with other examples in which apoptosis
induced by Stx1 did not result in DNA fragmentation (42).
However, staining with PI, commonly used to detect both ne-
crotic and late-apoptotic cells (27), did not reveal an increase
in dead cells due to Stx1 during the entire observation period
of 8 days. These results are in contrast to those obtained from
the bovine B lymphoma cell line BL-3. Like primary isolated
lymphocytes, BL-3 cells had to be activated to render them
susceptible to Stx1. However, BL-3 cells underwent apoptosis,
but no induction of apoptosis could be observed in PBMC
cultures treated with the same dose of Stx1. The human B
lymphoma cell line Daudi has been extensively used as a model
for the study of the effect of Stx1 on lymphocytes (5, 26, 28),
and, like BL-3 cells, these cells are sensitive to the apoptotic
effect of Stx1 in the nanogram range (28). Accordingly, the Stx
receptor Gb3/CD77 is present on human germinal center B

FIG. 4. Representative flow cytometric histograms illustrating DNA strand breaks in bovine PBMC. Cells were treated with 200 CD50/ml (quantified on Vero cells
as described in Materials and Methods) for 96 h at 37°C. The culture medium was free of mitogens (A) or was supplemented with 5 mg of PHA-P/ml (B). Observed
effects were assigned to Stx1 by comparison of the results obtained in the absence or presence of 1.5 mg of the monoclonal anti-StxB1 antibody 13C4/ml. After incubation
DNA strand breaks were labeled by the TUNEL method. Stx1 was not able to induce DNA strand breaks either in unstimulated or in PHA-P-stimulated PBMC.
Histograms are from one representative of six experiments.
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cells entering apoptosis (29), but in the light of the present
study, confirming striking differences between B lymphoma
cells and lymphocytes isolated from the same species, it re-
mains to be determined whether the effect of Stx1 on primary
cultures of human tonsillar B cells (5) also involves the induc-
tion of apoptosis.

As with bovine PBMC cultures, some effects of Stx’s re-
ported so far do not involve the induction of cellular death. For
example, mouse macrophages responded to Stx’s solely by an
increased release of monokines (47). Human endothelial cells,
recognized as the main targets of Stx cytotoxicity during STEC
infections in vivo (49), may also be driven by Stx’s to an altered
release of prostaglandins or clumping factors (19, 25). While

primary cultures of human enterocytes were susceptible to the
cytotoxic activity of Stx1 (32), polarized CaCo2 and T84 cell
lines retained electrical resistance under treatment with Stx1
and translocated the toxin (1). The pathways involved in such
modulations of physiological functions by Stx’s have been min-
imally examined to date. What is known is that Daudi cells
become apoptotic when treated with the Stx1 holotoxin as well
as with the isolated receptor binding B-subunit of the toxin
(28) and that the cytotoxic effect of Stx1 on Vero cells can be
modulated by inhibitors of protein kinases (54), indicating that
there are signal cascades involved in the biological effect of
Stx’s apart from the classical endocytosis pathway.

Although the intracellular pathways leading to the blockade

FIG. 5. Effect of purified Stx1 on transformation and proliferation of PBMC subpopulations. Cells were incubated with purified Stx1 (200 CD50/ml; quantified on
Vero cells as described in Materials and Methods) at 37°C. The culture medium was free of mitogens (A) or was supplemented with 5 mg of PHA-P/ml (B) or 25 mg
of LPS/ml (C). Observed effects were assigned to Stx1 by comparison of the results obtained in the absence (open circles) or presence (filled circles) of 1.5 mg of the
monoclonal anti-StxB1 antibody 13C4/ml. Lymphocyte subpopulations were identified by immunophenotyping at the time points indicated and quantified by flow
cytometry acquiring 5,000 events. Data analysis was performed by using the software of the instrument to calculate the percentages of viable (PI-negative),
immunolabeled events belonging to the blast cell or non-blast cell population. Data are single determinations from one representative of five independent experiments.
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of bovine lymphocyte proliferation by Stx1 remain to be elu-
cidated, it has to be taken into account that this inhibiting
effect may additionally involve intercellular events. There are
other examples of inhibition of lymphocyte proliferation by
bacterial products without direct binding of the product to the
affected cells and induction of cellular death, i.e., depletion of
medium supplements (8) or perturbation of cytokine networks
(55). With respect to the importance of cytokines for STEC
pathogenesis in general (48), cytokines may also be involved in

the effect of Stx1 on bovine PBMC. The treatment of bovine
lymphocytes with Stx1 led to a higher percentage of cells ex-
pressing BoCD25 (boIL-2 receptor), while the percentage of
BoCD71 (transferrin receptor)-expressing cells was reduced.
Expression of both receptors represents early events during the
activation of lymphocytes (17, 34). The boIL-2 receptor is
downregulated when the cells bind sufficient amounts of
boIL-2 that are produced by the PBMC themselves in a later
stage of activation. A sustained high expression of boIL-2 re-
ceptor paralleled by a reduced expression of BoCD71 points to
an arrest of cellular activation in a stage before boIL-2 is
produced. Since proliferation of BoCD81 cells, which was pre-
dominantly affected by Stx1, depends on boIL-2 to a higher
extent than BoCD41 cell proliferation (30, 56), Stx1 may have
blocked cellular activation by impairing paracrine boIL-2 re-
lease. Recently, Malstrom and James (27) reported the inhi-
bition of mitogen-stimulated IL-2, IL-4, and gamma interferon
production by splenic and mucosal lymphocytes. This inhibi-
tory effect was attributed to a protease-sensitive, heat-labile
factor of ,6 to 8 kDa, present in lysates of enteropathogenic E.
coli strains as well as in the lysates of some related bacteria,
including STEC strain EDL 933 (22). The Stx1 preparation
used in our study was dialyzed with a 26,000- to 28,000-molec-
ular-weight cutoff membrane, and the effects could be clearly
ascribed to the toxin by neutralization with monoclonal anti-
Stx1. Hence, we speculate that inhibition of lymphocyte func-
tions by Stx1 via perturbation of cytokine profiles represents an
additional and unique mechanism of STEC to control the host
response.

The susceptibility of bovine B and T lymphocytes to Stx1
suggests that the bovine immune system is affected more pro-
foundly by the toxin than is the human immune system. In
humans, the effect of Stx1 is believed to be restricted to B cells
only, since Stx1 elaborates a suppressive effect on tonsillar B
cells but not on tonsillar T cells and thymocytes (5). Contrarily,
Keusch et al. (21) reported inhibition of B-cell as well as T-cell
mitogenic responses of human PBMC by a crude preparation
of Stx from Shigella shigae. In vivo administration of STEC1 to
gnotobiotic pigs and of STEC2 to calves also resulted in de-
creased mitogenic responses of B cells as well as T cells in vitro
compared to those of PBMC prepared from animals inocu-
lated with Stx-negative strains (4, 14). Thus, despite the con-
flicting data reported for humans, an immunomodulating effect
of Stx’s appears to be widespread among the species that are
naturally infected with STEC. However, its importance during
natural STEC infections is still a matter of speculation (24)
because Stx-induced immunosuppression does not totally pre-
vent a humoral response against Stx’s and STEC-associated O
antigens (12, 14, 37, 39, 51). Since bovine lymphocytes resem-
ble those of humans and swine with respect to their response to
Stx1, but cattle .3 weeks of age do not suffer from clinical
manifestations of STEC infections (6), this species should be a
useful model for the elucidation of the interactions of Stx’s
with the immune system.
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FIG. 6. Effect of purified Stx1 on expression of activation markers by bovine
PBMC in vitro. Cells were incubated with purified Stx1 (200 CD50/ml; quantified
on Vero cells as described in Materials and Methods) at 37°C. The culture
medium was free of mitogens (A) or was supplemented with 5 mg of PHA-P/ml
(B) or 25 mg of LPS/ml (C). Observed effects were assigned to Stx1 by compar-
ison of results obtained in the absence (open circles) or presence (filled circles)
of 1.5 mg of the monoclonal anti-StxB1 antibody 13C4/ml. Lymphocyte subpopu-
lations were identified by immunophenotyping at the time points indicated and
quantified by flow cytometry acquiring 5,000 events. Data analysis was performed
by using the software of the instrument to calculate the percentage of viable
(PI-negative), immunolabeled events belonging to the blast cell population.
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