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ABSTRACT There are two major antigenic forms of Shiga toxin (Stx), Stx1 and Stx2,
which bind the same receptor and act on the same target but nonetheless differ in
potency. Stx1a is more toxic to cultured cells, but Stx2 subtypes are more potent in
animal models. To understand this phenomenon in cultured cells, we used a system
that combines flow cytometry with a fluorescent reporter to monitor the Stx-induced in-
hibition of protein synthesis in single cells. We observed that Vero cells intoxicated
with Stx1a behave differently than those intoxicated with Stx2 subtypes: cells chal-
lenged with Stx1a exhibited a population-wide loss of protein synthesis, while cells
exposed to Stx2a or Stx2c exhibited a dose-dependent bimodal response in which
one subpopulation of cells was unaffected (i.e., no loss of protein synthesis). Cells
challenged with a hybrid toxin containing the catalytic subunit of Stx1a and the cell-
binding subunit of Stx2a also exhibited a bimodal response to intoxication, while
cells challenged with a hybrid toxin containing the catalytic subunit of Stx2a and
the cell-binding subunit of Stx1a exhibited a population-wide loss of protein synthe-
sis. Other experiments further supported a primary role for the subtype of the B
subunit in the outcome of host-Stx interactions. Our collective observations indicate
that the bimodal response to Stx2 subtypes is due to relatively weak binding be-
tween Stx2 and the host cell that reduces the total functional pool of Stx2 in com-
parison to that of Stx1a. This explains, in part, the molecular basis for the differential
cellular toxicity between Stx1a and Stx2 subtypes.

KEYWORDS Escherichia coli, flow cytometry, Shiga toxin, Stx1, Stx2, Vero, Shiga
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higa toxin-producing Escherichia coli (STEC) strains are a major public health

concern worldwide, and STEC serotype O157:H7 is associated with human gastro-
enteritis in industrialized countries (1-5). STEC infections can range from mild to
life-threatening conditions such as hemolytic-uremic syndrome, and the production of
Shiga toxin (Stx) has been associated with severe disease symptoms in humans (4, 6).
Stx has a catalytic A subunit (StxA) and a pentameric receptor binding B subunit (StxB),
which places it in the family of ABs-type toxins (7). StxA is proteolytically nicked to
generate a disulfide-linked heterodimer composed of an enzymatic A1 fragment and an
A2 fragment that extends into the central pore of the ring-like StxB homopentamer. Stx
binding to globotriaosylceramide (Gb3) or globotetraosylceramide (Gb4) on the surface
of a target cell leads to endocytosis through clathrin-coated pits (8-10). Furin cleaves
the holotoxin-associated StxA subunit in the endosomes and/or trans-Golgi network to
generate the StxA1/StxA2 heterodimer (11). The toxin then moves by retrograde
transport to the endoplasmic reticulum (ER), where reduction of the StxA1/StxA2
disulfide bond allows StxA1 to dissociate from the rest of the toxin before entering the
cytosol (12). In the cytosol, StxA1 irreversibly inactivates the ribosome through the
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depurination of an adenine residue in the 28S rRNA of the 60S ribosomal subunit. This
interferes with protein translation, ultimately resulting in apoptotic cell death (13, 14).

There are two major antigenic forms of Stx, Stx1 and Stx2 (15). Both are ~70-kDa
AB;-type toxins. Three subtypes of Stx1 have been classified, Stx1a, Stx1c, and Stx1d
(16). Stx2, on the other hand, is composed of a diverse and heterogeneous group of
subtypes, from Stx2a to Stx2h (17-19). These subtypes differ in potency and species
specificity, with Stx2a, Stx2c, and Stx2d linked to severe human illness (20-24). Stx2a is
associated with more severe infections than the other Stx2 subtypes or Stx1a (6, 21,
25-27). In contrast, Stx1a is more toxic to cultured Vero cells than Stx2a or Stx2c (28,
29). The factors contributing to these differences are not fully understood.

The B subunits of Stx1a and Stx2a share nearly 60% sequence similarity and use the
same Gb3 globoside as their primary surface receptor (30, 31), but several studies have
nonetheless highlighted the role of the B subunit in the differential toxicity of Stx
subtypes (29, 32, 33). The B subunits of Stx2a and Stx2c only differ by two amino acids,
but the difference at residue 16 is responsible for the higher in vitro affinity of Stx2a for
Gb3 and the greater toxicity of Stx2a than Stx2c (34). In vitro, Stx1a has a greater affinity
than Stx2a for Gb3 (28, 33, 35-37). A study by Russo et al. (38) has further shown that
a hybrid Stx comprising the A1 subunit of Stx1a with the A2 and B subunits of Stx2a (Stx
122) is less potent in Vero cells than a hybrid toxin comprised of the A1 subunit of Stx2a
with the A2 and B subunits of Stx1a (Stx 211). These collective observations have led
to a model suggesting that the B subunit is responsible for the differential potency of
Stx subtypes. Yet, Basu et al. (39) reported that the A1 subunit of Stx2a has a higher
affinity for the ribosome and higher catalytic activity than Stx1a. Thus, the A1 subunit
could also contribute to the differential potency of Stx subtypes. Further studies on the
cellular actions of the A and B subunits are therefore needed in order to better
understand the differential toxicity between Stx subtypes.

Here, we examined the basis for the different cellular potencies of Stx subtypes.
Flow cytometry in conjunction with a green fluorescent protein (GFP) reporter system
was used to monitor the Stx-induced inhibition of protein synthesis in single cells. With
this strategy, we documented a dose-dependent bimodal response to Stx2 subtypes,
namely, one subpopulation of cells exposed to Stx2a or Stx2c exhibited the expected
loss of protein synthesis, but another subpopulation was completely resistant to
intoxication and exhibited no loss of protein synthesis. In contrast, cells exposed to
Stx1a exhibited a uniform, population-wide loss of protein synthesis. The bimodal
response to Stx2a or Stx2c has not been previously reported, so we performed a
comparative analysis between Stx1a and Stx2a to further examine this phenomenon.
We found that no pool of cells was intrinsically resistant to Stx2 subtypes. All cells in the
population expressed both Gb3 and Gb4, and all cells in the population could bind the
B subunit from Stx2a. Additional studies documented stronger binding of Stx1a than
Stx2a to target cells, with the subtype of the toxin B subunit being responsible for
either the uniform or bimodal response to toxin. Collectively, these observations
indicate that the bimodal response to Stx2 subtypes is due to a relatively weak binding
between Stx2 and the host cell that reduces the cytosolic pool of Stx2 in comparison
to that of Stx1a. This explains, in part, the molecular basis for the differential cellular
toxicity between Stx1a and Stx2 subtypes.

RESULTS

Stx1a is more potent than Stx2 subtypes against cultured cells. Vero-d2EGFP
cells were used to establish the relative potencies of Stx1a, Stx2a, and Stx2c. These cells
express a destabilized variant of enhanced green fluorescent protein (EGFP) with a 2-h
half-life, so ongoing protein synthesis is required to maintain the EGFP fluorescent
signal (40). Cells were seeded on a 96-well plate overnight before an 18-h incubation
with 10-fold serial dilutions of each toxin. Stx1a was very effective at inhibiting protein
synthesis in the target cells, with a 50% effective dose (ED,) of 0.005 ng/ml (Fig. 1A,
triangles). Stx2a was less effective than Stx1a, with a 140-fold higher EDs, of 0.7 ng/ml
(Fig. 1A, circles). An EDs, of 10 ng/ml was recorded for Stx2c (Fig. 1A, squares), which
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FIG 1 Relative potencies of Stx subtypes. Vero-d2EGFP cells were challenged with 10-fold serial dilutions
of Stx1a (triangles), Stx2a (circles), or Stx2c (squares). The extent of protein synthesis after 18 h of
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was 2,000-fold less toxic than Stx1a. Our results were consistent with previous reports
on the relative cellular activities of Stx1a, Stx2a, and Stx2c (15, 28, 29).

As previously observed when examining the toxicity of Stx1a in Vero cells (41), there
was a greater level of protein synthesis inhibition than cell death after an 18-h
intoxication with Stx2a and Stx2c subtypes (Fig. 1A and B). Extending the toxin
challenge to 36 h resulted in greater cell death than that seen at 18 h (Fig. 1C). EDs,
values for cell viability after a 36-h toxin exposure demonstrated that Stx1a (EDs, of
0.06 ng/ml) was 17-fold more potent than Stx2a (EDs, of 1 ng/ml) and 667-fold more
potent than Stx2c (EDs, of 40 ng/ml). Thus, consistent with previous reports (15, 28, 29),
Vero cells were much more sensitive to Stx1a than either Stx2a or Stx2¢, as determined
by both protein synthesis and cell viability assays. Extending the toxin challenge to 72
h did not result in greater levels of cell death than those seen after 36 h of toxin
exposure (Fig. 1D). In fact, cell viability trended upward at 72 h for all toxin concen-
trations. This finding indicated that a substantial number of cells survived the ongoing
toxin incubation and were continuing to grow.

Bimodal cellular response to Stx2 subtypes. With our Vero-d2EGFP system, the
toxin-induced loss of protein synthesis can be detected with a plate reader or by flow
cytometry. Both methods recorded the same level of toxin activity on cells incubated
overnight with Stx1a (41). Previous analyses using flow cytometry further documented
the population-wide loss of protein synthesis in cells exposed to Stx1a (41), which was
replicated here, namely, increasing concentrations of Stxla elicited an increasingly
dramatic downshift in the peak fluorescent intensity of Vero-d2EGFP cells (Fig. 2A). This
effect was not seen for cells challenged with Stx2a (Fig. 2B) or Stx2c (Fig. 2C). Both
toxins generated a bimodal fluorescent profile from the intoxicated Vero-d2EGFP cells,
in which one subpopulation of cells maintained the peak fluorescent intensity observed
for unintoxicated cells and the other subpopulation exhibited reduced levels of fluo-
rescent intensity (i.e., protein synthesis). A substantial number of Vero-d2EGFP cells
were therefore resistant to moderate doses of Stx2a and Stx2c, with no appreciable loss
of protein synthesis. The subpopulation of Vero cells that maintained the peak fluo-
rescent intensity after challenge with Stx2a or Stx2c were not intrinsically resistant to
the toxins, however, as the subpopulation of resistant cells progressively decreased
with increasing toxin concentrations (Fig. 2B and C). This indicated that Stx2a and Stx2c
can generate substantial, population-wide decreases in protein synthesis when present
at relatively high toxin concentrations of 10 ng/ml or greater.

Uniform distribution of Gb3 and Gb4 in the population of Vero cells. Globoside
Gb3 serves as a functional surface receptor for all Stx subtypes, including Stx2e, which
preferably binds to the Gb4 surface receptor (7, 36, 37, 42-45). Gb4 also has a moderate
affinity for Stx1a and a weak affinity for Stx2a or Stx2c. We accordingly predicted that
the Stx2a/Stx2c-resistant subpopulation of Vero cells lacked Gb3 but still expressed the
alternate Gb4 receptor with preferential affinity for Stx1a. To test this hypothesis, we
examined the distribution of Gb3 and Gb4 in a population of Vero cells. Analysis by flow
cytometry documented a uniform distribution of Gb3 (Fig. 3A) and Gb4 (Fig. 3B) in cell
populations exposed to Gb3 or Gb4 primary antibodies and fluorophore-labeled sec-
ondary antibodies, which, in agreement with previous studies (45-47), confirmed that
the population of Vero cells employed for these experiments contained both Gb3 and
Gb4 cell surface receptors.

Vero cells were next incubated with both Gb3 and Gb4 antibodies and then with the
corresponding fluorophore-labeled secondary antibodies. Preliminary experiments con-
firmed that the signals from each fluorophore did not bleed into the emission wave-
length of the other fluorophore (data not shown). A scatter plot of the resulting data

FIG 1 Legend (Continued)

incubation (A) or cell viability after 18 h (B), 36 h (C), and 72 h (D) of incubation was then recorded. Values
for toxin-treated cells were expressed as percentages of the maximal signal obtained from unintoxicated
control cells. Data represent the means * standard errors of the means of at least 6 independent
experiments with 6 replicate samples per experiment.
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FIG 2 Distinct cellular responses to Stx subtypes. Vero-d2EGFP cells were subjected to cytofluorometry
after an 18-h incubation with the stated concentrations of Stx1a (A), Stx2a (B), or Stx2c (C). Unintoxicated
parental Vero cells (black lines) and unintoxicated Vero-d2EGFP cells (green lines) were also processed for
each condition. One of three representative experiments is shown.

revealed a linear relationship between the two globosides, indicating that Gb3 content
was proportional to Gb4 content (Fig. 3C). Only 3% of cells were positive for Gb3 but
not Gb4 (lower right quadrant), and only 5% of cells were positive for Gb4 but not Gb3
(upper left quadrant). Therefore, contrary to our hypothesis, the collective experiments
with Gb3 and Gb4 staining suggested that nearly the entire population of Vero cells
expresses both Gb3 and Gb4. The minor population of Gb3~/Gb4* cells (5%) could not
account for the relatively high number of cells that were completely resistant to
moderate concentrations of Stx2a or Stx2c (Fig. 2B and C).

The B subunit of Stx1a binds to host cells with better efficiency than that of
Stx2a. To further examine the dose-dependent binding of the B subunits of Stx1a or
Stx2a with their surface receptors, Vero cells were incubated with the fluorophore-
labeled B subunits for 30 min at 4°C before analysis by flow cytometry (Fig. 4). A
uniform distribution of toxin binding was observed in cells exposed to the B subunits
of either Stx1a (Fig. 4A) or Stx2a (Fig. 4B). As seen for the distribution of Gb3 and Gb4
(Fig. 3), there was no obvious subpopulation of cells that did not bind the B subunit.
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FIG 3 Gb3 and Gb4 distribution in Vero cells. Gb3 and Gb4 antibodies were applied independently (A and B) or
simultaneously (C) to Vero cells before analysis by cytofluorometry. (A) Staining pattern for the combination of a rat
antibody against Gb3 and an allophycocyanin (APC)-conjugated goat anti-rat IgG antibody (red line). (B) Staining pattern
for the combination of a rabbit antibody against Gb4 and a phycoerythrin (PE)-conjugated donkey anti-rabbit IgG antibody
(red line). Cells incubated with the secondary antibody alone (black lines in panels A and B) were processed as well. (C)
The combined staining patterns for Gb3 and Gb4 are represented on a scatter plot of 10,000 individual cells. Cells exposed
to secondary antibody alone were used to set background gates represented by the red lines.

The labeling efficiency for the B subunit of Stx1a (0.093) was slightly weaker than the
labeling efficiency for the B subunit of Stx2a (0.13), yet a stronger cell-binding signal
was recorded for the B subunit of Stx1a than Stx2a when 1 ug of each ~8-kDa B
subunit was tested (Fig. 4C). Figure 4D further shows that 0.5 ug of the Stx2a B subunit
was required to generate the same cell-binding signal as 0.2 ug of the Stx1a B subunit.
Similar observations were made for other pairs of toxin concentrations (i.e., equivalent
fluorescent signals from the B subunits of Stx1a and Stx2a required a greater concen-
tration of the Stx2a B subunit; data not shown). Our observations of better cell binding
for the B subunit of Stx1a than that of Stx2a were consistent with reports that have
documented a higher affinity for the interaction between Stx1a and cultured mamma-
lian cell receptors than for Stx2a (29, 33, 36).

Competition assays further emphasized the different affinities of Stx1a and Stx2a for
Vero cells (Fig. 5). In this experiment, a fixed concentration of Stx1a (0.1 ng/ml) was
mixed with one of two different concentrations of Stx2a (1 ng/ml and 10 ng/ml). Flow
cytometry was then used to assess the effect on protein synthesis after 18 h in the
presence of Stx1a, Stx2a, or both. Cells exposed to Stx1a alone (Fig. 5A) exhibited a
uniform drop in protein synthesis, whereas cells exposed to either concentration of
Stx2a alone exhibited a bimodal response (Fig. 5B). These results were consistent with
the data presented in Fig. 2 and expanded upon those experiments by using a
10-ng/ml concentration of Stx2a that, as determined by Fig. 1A, resulted in a 61%
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FIG 4 Dose-dependent association of Stx1a and Stx2 with the cell surface. Vero cells were processed for cytofluorometry after a 30-min 4°C incubation with
the fluorophore-labeled B subunits of Stx1a or Stx2a. (A and B) Cells were incubated without toxin (black line) or in the presence of various quantities of either
the Stx1a B subunit (A) or Stx2a B subunit (B) at 0.2 ug (magenta line), 0.5 ug (yellow line), 1.0 ug (blue line), or 2.0 ug (red line), all in a 500-ul volume. (C) The
signals recorded for 2 g of either the Stx1a B subunit (red line) or Stx2a B subunit (blue line) were overlaid on the same plot. (D) The signals recorded for 0.2 ug
of the Stx1a B subunit (red line) and 0.5 g of the Stx2a B subunit (blue line) were overlaid on the same plot. One of three representative experiments is shown
for the aggregate data.
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FIG 5 Competition between Stx1a and Stx2a. Vero-d2EGFP cells were processed for cytofluorometry
after an 18-h incubation with Stx1a (A), Stx2a (B), or a mixture of both toxins (C). In panel C, the orange
trace represents cells incubated with a mixture of 0.1 ng/ml Stx1a and 1 ng/ml Stx2a, whereas the blue
trace represents cells incubated with a mixture of 0.1 ng/ml Stx1a and 10 ng/ml Stx2a. Unintoxicated
Vero-d2EGFP cells were also processed for each condition.

inhibition of protein synthesis. Cells exposed to toxin mixtures consisting of a 10-fold
(orange) or 100-fold (blue) molar excess of Stx2a over Stx1a exhibited a uniform drop
of protein synthesis that was similar to the fluorescent profile of cells exposed to Stx1a
alone (Fig. 5C). Thus, Stx2a does not appear to effectively compete with Stx1a for
binding to functional receptors on the target cell. A recent study documented the
reduced potency of Stx2a in cell culture and animal models when mixed with the Stx1a
B subunit (48), but our current work—which was only possible because of the different
population responses to Stx1a versus Stx2a—provides the first experimental evidence
that the Stx1a holotoxin can outcompete Stx2a in a cell culture model of intoxication.

The identity of the B pentamer is responsible, in part, for the bimodal response
observed with Stx2 subtypes. Our collective results suggested that the different
cellular responses to Stx1a versus Stx2a resulted from more Stx1a binding to the target
cell. In this model, the origin of the toxin B subunit may determine whether the
response to intoxication is uniform or bimodal. To test this model, we used two hybrid
toxins that consisted of either the A1 subunit from Stx2a with the A2 and B subunits
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FIG 6 Cellular response to hybrid toxins. Vero-d2EGFP cells were processed for cytofluorometry after an
18-h incubation with 10-fold serial dilutions of cell extracts from a nonpathogenic (Stx~) BL21 E. coli
strain that was transformed with expression vectors encoding wild-type Stx1a (A), wild-type Stx2a (B), the
211 hybrid toxin consisting of the A1 subunit from Stx2a with the A2 and B subunits from Stx1a (C), or
the 122 hybrid toxin consisting of the A1 subunit from Stx1a with the A2 and B subunits from Stx2a (D).
The dilutions represented by each colored trace are as follows: black, 1:100,000; orange, 1:10,000; light
blue, 1:1,000; blue, 1:100. Untreated Vero-d2EGFP cells are represented by the green trace.

from Stx1a (Stx 211) or the A1 subunit from Stx1a with the A2 and B subunits from
Stx2a (Stx 122). The A2 linker is matched to its cognate B subunit in these chimeric
toxins because it is important for holotoxin stability (38, 49, 50). Russo et al. (38) have
shown that, in cultured cells and mice, the Stx 211 hybrid is more toxic than wild-type
Stx2a, while the Stx 122 hybrid is less toxic than wild-type Stx1a. For the current study,
we isolated both hybrid toxins from cell extracts of transformed E. coli strain
BL21(DE3)pLysS. A control experiment demonstrated that the cell extract from untrans-
formed E. coli did not have an effect on protein synthesis when added to the culture
medium of Vero-d2EGFP cells (data not shown). Additional control experiments en-
sured that cell extracts containing wild-type Stx1a (Fig. 6A) or wild-type Stx2a (Fig. 6B)
produced the expected responses that were previously observed using purified toxins
(i.e., a uniform loss of protein synthesis in cells exposed to Stx1a and a bimodal response
in cells exposed to Stx2a; Fig. 2 and 5). Vero-d2EGFP cells challenged with the Stx 211
hybrid toxin exhibited a uniform downward shift in protein synthesis (Fig. 6C) similar to
that of wild-type Stx1a. In contrast, exposure to the Stx 122 hybrid toxin produced a
bimodal response from the Vero-d2EGFP cells (Fig. 6D) that was similar to the response
elicited by wild-type Stx2a. These results suggest that the A2 fragment and B subunit
of a Stx contribute to the different population responses between Stx1a and Stx2a, as
observed by flow cytometry, resulting in a uniform profile for toxins containing the B
subunit of Stx1a and a bimodal profile for toxins containing the B subunit of Stx2a.

DISCUSSION

Most quantitative assays that monitor the toxin-induced inhibition of protein syn-
thesis and resulting cell death average the results from a population of cells (51, 52).
Using these methods, it is not possible to differentiate between intoxicated and
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unintoxicated cells within the population. As an alternative approach, we used flow
cytometry in conjunction with a Vero-d2EGFP cell line that expresses an EGFP variant
with a 2-h half-life. This allowed us to record the toxin-induced inhibition of protein
synthesis and resulting loss of EGFP fluorescence from individual cells in the population
of toxin-challenged cells. All Vero-d2EGFP cells exposed to Stxla were affected by
the toxin and thus, as previously reported (41), exhibited a uniform drop in protein
synthesis that was detected by EGFP signal intensity. Even at the lowest concentration
of Stxla (0.001 ng/ml), a minor population-wide drop in fluorescent intensity was
detected. In contrast, the bimodal fluorescent profile of Vero-d2EGFP cells exposed to
moderate concentrations of Stx2a or Stx2c indicated that a subpopulation of the
toxin-challenged cells was completely resistant to these toxins and therefore main-
tained their full level of protein synthesis. This bimodal response to Stx2a or Stx2c has
not been previously reported.

The uniform response to Stx1a and bimodal response to Stx2a or Stx2c could not be
attributed to the lack of Gb3 receptor in a subpopulation of cells. The number of cells
resistant to Stx2a or Stx2c decreased with increasing toxin concentration, which further
indicated there is no subpopulation of Vero-d2EGFP cells with intrinsic resistance to
Stx2 subtypes. However, Vero cells did exhibit more efficient binding to the B subunit
of Stx1a than to that of Stx2a. Stx1a could also outcompete Stx2a, as cells challenged
with a combination of Stx1a and Stx2a exhibited a population-wide loss of protein
synthesis even when there was a 100-fold molar excess of Stx2a over Stx1a. Additional
studies with hybrid toxins indicated that the uniform versus bimodal response to
intoxication is linked to the subtype of the B subunit, with the B subunit from Stx2a
producing a bimodal response. Our collective results thus suggest that the bimodal
response to Stx2a or Stx2c involves relatively weak binding between Stx2 subtypes and
the host cell that reduces the total cytosolic pool of toxin. In contrast, the relatively
strong binding of Stx1a to its target cell ensured that all cells in the population received
an effective dose of cytosolic toxin.

Stx1a exhibits a higher in vitro affinity for Gb3 than that seen for Stx2a (28, 33,
35-37). Our cell binding studies with fluorescent B subunits were consistent with those
reports, although it should be noted that our studies were conducted with monomeric
B subunits that bind with lower affinity than that of holotoxins or B pentamers. Our
studies further suggested that all cells in the population could bind Stx2a. Resistance
to Stx2a in a subpopulation of cells was therefore unlikely to result from a lack of toxin
binding. The bimodal response to Stx2a may instead be linked to the preferential
binding of Stx2a to Gb3 isoforms that are not transported from the cell surface to the
ER. Tam et al. (53) documented efficient binding of Stx1a but not Stx2a to Gb3
associated with the detergent-resistant membranes that undergo retrograde transport
to the ER. Most cell-associated Stx2a binds nonproductively to a pool of Gb3 that does
not traffic to the ER. This results in more efficient delivery of Stx1a than Stx2a to the ER
and cytosol. Furthermore, Stx2a cannot compete with Stx1a for binding to Gb3 in
detergent-resistant membranes (53). This observation is consistent with our intoxica-
tion assay, which demonstrated that a 100-fold molar excess of Stx2a cannot outcom-
pete Stx1a, and with published work demonstrating that the B subunit from Stx1a
reduces the toxicity of Stx2a (48). The bimodal response to Stx2 subtypes thus appears
to result from two linked events that limit the cytosolic pool of Stx2 in comparison to
Stx1a, namely, (i) relatively weak overall binding to the target cell, and (ii) a weaker
interaction than Stx1a with the detergent-resistant membranes that are required for
toxin transport to the ER and cytosol.

As we have previously demonstrated with Stx1a (41), cell death is not an inevitable
outcome of toxin binding or even of toxin activity in the cytosol. We recently provided
compelling evidence for this conclusion by demonstrating cells can recover from
exposure to low toxin concentrations that, as detected with our Vero-d2EGFP assay,
produced an initial population-wide reduction in protein synthesis (41). Removal of
Stx1a from the medium was sufficient for cellular recovery (41). Here, the upward trend
in cell viability after continual 72-h intoxication further suggested that it is possible for
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cells to survive an ongoing toxin challenge and continue to grow. It remains to be
determined whether these metabolically active cells recovered from intoxication or
were never affected by the toxin. It should be noted, however, that Lentz et al. (54)
reported a 100% loss of Vero cell viability after a continual 72-h exposure to the same
concentrations of Stx1a and Stx2a used in the experiments shown in Fig. 1. Differences
in relative potency of the applied toxins, protocol details, or other factors could account
for this discrepancy. Additional work will be required to resolve this issue and to
determine how the cellular outcome of intoxication is affected by the method of toxin
application (i.e., pulsed exposure versus continual incubation).

Our collective work suggests therapeutic approaches that involve toxin neutraliza-
tion at a postexposure stage could be effective strategies for the treatment of STEC
infections and other toxin-mediated diseases. Experimental support for this concept
has been generated in cell culture using neutralizing antibodies against Stx2a or the
plant toxin ricin (55-57). These strategies may be particularly effective against STEC
strains that express a Stx2 subtype, as the dose-dependent bimodal response to Stx2a
or Stx2c suggests that it is possible to reduce the cell-associated pool of toxin to the
point where cells are either completely resistant to intoxication or more prone to
recover from a partial inhibition of protein synthesis. There also appears to be a natural
decline in the levels of circulating Stx2a during human STEC infections (58), which could
improve the possible success of treatments based on toxin neutralization after the
onset of symptoms. Toxin inactivation could involve the administration of inactive
Stx1a variants that compete with Stx2a for binding to target cells. This approach has
been shown to reduce the toxicity of Stx2a in mice (48, 59). Neutralizing antibodies
could likewise reduce the amount of Stx2a that reaches the cytosol of host cells, either
by blocking adherence to the target cell or by disrupting intracellular toxin trafficking
(60, 61).

Our data showing that Stxl1a is more potent against cultured cells than Stx2
subtypes were consistent with published work (28, 29, 62). Our observation that Stx2a
binds to target cells with lower affinity than that of Stx1a is also consistent with the
literature (28, 33, 35, 37). However, those previous studies averaged the results from an
entire population of toxin-challenged cells and could not detect variable responses
within the subpopulations of cells. The use of a cytofluorometry-based intoxication
assay allowed us, for the first time, to document the bimodal population response to
Stx2 subtypes that appears to result from relatively poor toxin binding to Gb3 isoforms
present in detergent-resistant membranes on the cell surface. These findings provide a
new basis to better understand the differential toxicity between Stx subtypes and
establish a conceptual foundation for the development of postexposure toxin thera-
peutics that function by lowering the amount of toxin that reaches the host cytosol.

MATERIALS AND METHODS

Materials. Purified Stx1a (catalog no. NR-857, batches 60861998 and 70004145), Stx2a (catalog no.
NR-4478, batches 58044918 and 63732536), and Stx2c (catalog no. NR-13422, batch 58582673) were
obtained from BEI Resources (Manassas, VA). The monomeric B subunits from Stx1a (catalog no. NR-860,
batch 59926594) and Stx2a (catalog no. NR-4677, batch 59019949, and catalog no. NR-49262, batch
63709686), also from BEI Resources, were conjugated to Alexa Fluor 594 using the Molecular Probes
Alexa Fluor 594 microscale protein labeling kit (catalog no. A30008; Thermo Fisher Scientific, Waltham,
MA). Plasmids encoding wild-type and hybrid Stxs (pLPSH3, pJES120, pMJS122, and pMJS211) were
kindly provided by Angela Melton-Celsa (Department of Microbiology and Immunology, Uniformed
Services University of the Health Sciences, Bethesda, MD). Toxin-containing cell extracts from trans-
formed E. coli strain BL21 (DE3)pLysS were generated following a previously established protocol (63).

Generation of the Vero-d2EGFP cell line, which expresses a destabilized variant of the enhanced
green fluorescent protein (d2EGFP), was previously described (64). Vero and Vero-d2EGFP cells were
grown at 37°C under 5% CO, in Ham’s F-12 medium (Life Technologies, Carlsbad, CA) containing 10%
fetal bovine serum. Antibodies against Gb3/CD77 and Gb4 were purchased from GeneTex, Inc. (catalog
no. GTX30743; Irvine, CA) and Matreya, LLC (catalog no. 1960; State College, PA), respectively. A goat
anti-rat 1gG antibody conjugated to allophycocyanin (APC) and a donkey anti-rabbit IgG antibody
conjugated to phycoerythrin (PE) were purchased from Thermo Fisher Scientific (catalog no. A10540 and
12-4739-81, respectively).

Toxicity assays. Measurements of toxin activity by 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy-
phenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay (Promega, Madison, WI), EGFP fluorescence with a
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plate reader, or EGFP fluorescence with flow cytometry were performed as previously described (41, 65).
In brief, a Synergy H1 multimode microplate reader (BioTek, Winooski, VT) was used for MTS measure-
ments of 20,000 Vero-d2EGFP cells in a 96-well plate. MTS records metabolic activity, which is an indirect
measure of cell viability. Background from the empty wells was subtracted from MTS experimental
results. The background-subtracted values were then expressed as percentages of the control value
recorded for unintoxicated cells. As a control to ensure substantial cell death could be detected, cells
were incubated with 20% dimethyl sulfoxide (DMSO). The Synergy H1 multimode microplate reader with
bottom optics position and 485-nm excitation/528-nm emission filter set was also used for EGFP
fluorescence measurements with black-walled, clear-bottomed 96-well plates. Autofluorescence from the
parental Vero cells that do not express EGFP was subtracted from experimental results with the
Vero-d2EGFP cells. The background-subtracted values were then expressed as percentages of the control
value recorded for unintoxicated Vero-d2EGFP cells. An Accuri C6 flow cytometer (BD Biosciences, San
Jose, CA) or CytoFlex flow cytometer (Beckman Coulter Life Sciences, Indianapolis, IN) was used for
cytofluorometry measurements of 10,000 cells per condition. As we previously reported (41, 65) and as
can be seen here in the cytofluorometry data for unintoxicated cells, a minor population of
Vero-d2EGFP cells do not express the EGFP construct despite ongoing selective pressure with G418.
These nonexpressing cells served as an internal control in several experiments by marking the lower
limit of fluorescent intensity that could be attained for the entire population of toxin-treated
Vero-d2EGFP cells.

Gb3 and Gb4 staining. Vero cells seeded on a 10-cm dish 2 days before staining were allowed to
reach about 90% confluence. They were then lifted from the dish with trypsin-EDTA and transferred to
microcentrifuge tubes at a quantity of ~500,000 cells per tube. Cells were collected by centrifugation for
2 min at 8,000 X g, washed once with phosphate-buffered saline (PBS), and incubated under moderate
shaking at 4°C for 2 h in Ham'’s F-12 medium containing 2% bovine serum albumin (BSA) and a 1:250
dilution of either a rat anti-Gb3 antibody or a rabbit anti-Gb4 antibody. The cells were then washed once
with PBS and incubated under moderate shaking at 4°C for 1 h in Ham’s F-12 medium containing 2% BSA
and a 1:250 dilution of either an APC-conjugated goat anti-rat IgG antibody or a PE-conjugated donkey
anti-rabbit IgG antibody. The cells were then washed with PBS, resuspended in 400 wl of PBS, and
processed using an Accuri C6 flow cytometer. When indicated, both anti-Gb3 and anti-Gb4 antibodies
were added to the same population of Vero cells. To establish the background level of fluorescence, cells
were exposed to the secondary antibodies alone.

B subunit binding assay. Vero or Vero-d2EGFP cells were handled as described above for Gb3 and
Gb4 staining. Cells in suspension were incubated under moderate shaking at 4°C for 30 min in Ham'’s F-12
medium containing 2% BSA and various concentrations of the labeled B subunit from either Stx1a or
Stx2a. The cells were then washed with PBS, resuspended in 400 ul of PBS, and processed using an Accuri
C6 flow cytometer. Cells incubated in the absence of toxin were used to establish the background level
of autofluorescence. Pilot experiments found that cells exposed to an unlabeled toxin B subunit
exhibited a fluorescent output similar to that of cells incubated without a toxin B subunit.
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