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Figure 2. Effect of Shiga toxin (ShT) versus lipopolysaccharides 
(LPS) on endothelial cell (EC) viability that was determined after 
confluent cells were incubated 48 h with ~ 1 EC 50% cytotoxic 
dose (1 EC CD50 ̂  107 Vero cell CD5o) of purified ShT only; 10 
Mg/ml LPS derived from Escherichia coli 0111 :B4, E. coli 0157:H7 
strain 933, or Shigella dysenteriae 3818T; or mixtures of 1 EC CD50 
ShT and LPS. Error bars = SD. Differences between samples were 
analyzed by Student's two-tailed t test; P < .025 was significant. 

logic data suggesting that endotoxins may contribute to the 

pathologic changes in the kidney characteristic of HUS [41], 
we queried whether LPS might play a direct role on in vitro 
EC killing. We demonstrated that purified LPS derived from 
S. dysenteriae type 1 and EHEC strains were not directly 
cytotoxic for confluent human EC monolayers (figure 2) or 
Vero cells (data not shown) at doses as high as 10 pgjml. 
Furthermore, the coincubation of EC with 10-fold dilutions 
of LPS and a constant dose of affinity-purified Shiga toxin 

(~1 EC CD50) did not have a statistically significant effect 
on EC cytotoxicity in comparison with treatment with Shiga 
toxin alone (P ^ .025). Thus, while the presence of endotox- 
ins in vivo may be an important factor in the pathogenesis of 

HUS, purified LPS alone does not appear to be a major deter- 
minant of direct EC cytotoxicity in vitro. 

LPS elicits the synthesis and secretion of TNFa by mono- 

cytes and macrophages. TNFa may have pleiotropic effects 
in vivo, and this cytokine has emerged as a central mediator 
in initiating and regulating the complex cascade of events 
that results in a procoagulant and proinflammatory state in 
the vasculature [42]. However, the contributory effect, if 

any, of TNFa in Shiga toxin-mediated direct EC cytotoxic- 
ity is not clear. We therefore coincubated EC with dilutions 
of Shiga toxin and rhTNFa and assessed EC cytotoxicity. In 
the presence of 10 ng/ml rhTNFa, we detected an ~ 100- 
fold reduction in the Shiga toxin EC CD50 (table 2). 

Comparative analysis of Shiga toxin and SLT-II binding to 
intact cells. Shiga toxin and SLTs bind to specific glycolipid 
receptors in the membranes of Vero or HeLa cells [10-13]. 
Antibody neutralization, competitive binding, and holo- 
toxin dissolution studies have shown binding to be an essen- 

tial step in target cell intoxication and death [5, 43, 44]. 
Therefore, reduced binding of Shiga toxin and SLT-II to EC 
is one possible mechanism to explain the relative insensitiv- 

ity of EC to the toxins. 
To assess toxin binding to intact EC and to compare bind- 

ing to control cells, we devised an indirect immunofluores- 
cence assay using a computer-assisted laser scanner that con- 
verted fluorescence intensity into a pseudocolor spectrum. 
To monitor toxin binding, EC, Vero, and HeLa cells were 
treated with equivalent doses of Shiga toxin or SLT-II in 

suspension, and toxin binding was detected with antitoxin 
antibodies and fluorescein isothiocyanate-conjugated sec- 

ondary antibody. The cells were then treated with a nonspe- 
cific, fluorescent membrane intercalator to outline the cells 
and allow comparison of levels of toxin-specific fluorescence 
within the same field. As shown in figure 3A, in any given 
field, virtually every Vero (left panel) or HeLa cell (right 
panel) was intensely stained after treatment with Shiga toxin. 

Although every cell showed toxin-specific fluorescence, the 

intensity varied between cells (i.e., not every cell appeared to 
bind toxin equivalently). The fluorescence intensity and 

binding pattern of SLT-II for Vero cells was similar to that 
seen with Shiga toxin (data not shown). Since essentially 
every cell bound Shiga toxin, the binding pattern produced 
by the nonspecific membrane probe was nearly identical to 

toxin-specific fluorescence (not shown). In contrast to Vero 
or HeLa cells, when EC were treated with an equivalent dose 
of Shiga toxin or SLT-II, much lower levels of fluorescence 
were detected (figure 3B, C, left panels), indicating reduced 
toxin binding in comparison to Vero and HeLa cells. As with 
the control cells, however, there appeared to be differences 
in the amounts of toxin bound to each individual EC. Some 
cells showed very low levels of fluorescence; others showed a 
more intense, punctate binding pattern. These data suggest 
that if toxin binding and cell killing are directly correlated, 
then EC may be heterogeneous in terms of sensitivity to 

Shiga toxin. Use of the fluorescent membrane probe (figure 
3B, C, right panels) clearly showed the outline of the EC 

Table 2. Augmentation of endothelial cell cytotoxicity by recom- 
binant human tumor necrosis factor (TNF). 

% viability 
Toxin dose 

(CDso/ml)* No TNF TNF 

107 
105 
103 
10' 
0 

56.7 
85.6 
97.7 

105.0 

37.4 
60.4 
81.4 
90.3 
92.1 

NOTE. Confluent endothelial cells were incubated in triplicate for 48 h with 
the indicated doses of Shiga toxin in presence or absence of rhTNFa. The number 
of substratum-adherent cells was determined as described in Materials and Meth- 
ods. Data represent mean values of three separate experiments. * Number of Vero cell CDso/ml. 
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Figure 3. Comparative analysis of Shiga toxin and Shiga-like toxin type II (SLT-II) binding to intact cells. Equivalent numbers of Vero 
cells, HeLa cells, and endothelial cells (EC) were treated with 109 Vero cell 50% cytotoxic doses of crude toxin preparations at 40C in the 
presence of NaN3. Bound toxins were detected with anti-toxin monoclonal antibodies and fluorescein-conjugated secondary antibody. The 
cells were outlined by simultaneous staining with a nonspecific fluorescent membrane probe. Fluorescence was measured using a Meridian 
ACAS 470 laser scanner in which fluorescence intensity was converted to the 15 color scale at right. Moving up the scale, colors represent 
increasing fluorescence intensity. A, Vero and HeLa cells (left and right panels, respectively) treated with Shiga toxin. B, EC treated with 
Shiga toxin (left) and membrane probe (right). C, EC treated with SLT-II (left) and membrane probe (right). D, EC treated with Escherichia 
coli DH5a concentrated sonicated lysate, (left) and membrane probe (right). 

present in the fields. As a control, concentrated sonicated 

lysates were prepared from E. coli DH5a in a manner analo- 

gous to that used to concentrate Shiga toxin (see Materials 
and Methods). The control lysates showed no binding to EC 

(figure 3D, left). In addition, the deletion of primary or sec- 

ondary antibody from the assay showed that nonspecific 
background fluorescence was very low in this procedure 
(data not shown). Therefore, the fluorescence detectable in 

Shiga toxin-treated cells is specifically due to toxin binding. 
These data suggest that one reason EC are less sensitive than 
Vero or HeLa cells to the cytotoxic effect of Shiga toxin may 
be low levels of toxin binding to the cells. 

Comparative quantitative analysis of toxin-specific glyco- 
lipid receptors in EC. Toxin-binding glycolipids present in 
Vero and HeLa cells and EC were detected by the direct 

binding of saturating amounts of Shiga toxin to thin-layer 
chromatograms of serial dilutions of membrane total glyco- 
lipid extracts (figure 4, lanes 6-15). Glycolipid standards 
were used to compare the glycolipids present in each cell line 

(figure 4, lanes 1-5, 16). In contrast to Vero and HeLa cells, 
the amount of toxin-binding glycolipids detected in EC 
membrane extracts prepared from equivalent cell wet 

weights was greatly reduced. Bound toxin was detected with 

Shiga toxin-specific MAb and 125I-labeled goat anti-mouse 

IgG antibody. Since the amount of toxin-specific glycolipids 
present in membrane extracts was previously shown to corre- 
late directly with the amount of bound toxin [45], we quanti- 

tated the relative amounts of toxin-binding glycolipids by 
direct densitometric scanning of the autoradiographs. HU- 
VEC and HSVEC contained 0.06 and 0.03 nM Gb3/mg of 
cells, respectively. In contrast, Vero and HeLa cells con- 
tained 80 and 25 nM Gb3/mg of cells, respectively. Thus, the 
diminished toxin-binding glycolipid content of EC com- 

pared with Vero and HeLa cells directly correlated with re- 
duced Shiga toxin sensitivity and toxin binding. 

Discussion 

The experiments reported here were designed to examine 
the role of crude or purified Shiga toxin, SLT-II, LPS, and 
recombinant cytokines in killing confluent human vascular 
endothelial cells and to compare the EC cytotoxicity with 
that of other cell lines. The incubation of EC with purified 
Shiga toxin resulted in a reduction in the numbers of viable 
cells remaining attached to gelatin-coated dishes, and this 

activity was neutralized by anti-Shiga toxin MAb, suggesting 
that Shiga toxin was the primary mediator of cytotoxicity in 
vitro. These results support and extend the findings of Obrig 
et al. [18], who demonstrated that rabbit polyclonal anti- 

Shiga toxin antibodies, as well as heat denaturation, totally 
neutralize the EC cytotoxic potential of Shiga toxin prepara- 
tions. These investigators also showed, however, that Shiga 
toxin, to a dose of 10-7 M, had a delayed (>48 h) cytotoxic 
effect on confluent HUVEC [18]. In contrast to their studies, 
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Figure 4. Quantitation of toxin- 
specific glycolipid receptor in hu- 
man saphenous vein endothelial 
cells (HSVEC), human umbilical 
vein endothelial cells (HUVEC), 
Vero cells, and HeLa cells. Shiga 
toxin was bound to glycolipids sep- 
arated by thin-layer chromatogra- 
phy, detected with anti-Shiga 
toxin monoclonal antibody and 
'25I-labeled goat anti-mouse IgG 
antibody, and visualized by autora- 
diography. By lane: 1-5, 100, 50, 
10, 5, and 1 ng globotriaosylcera- 
mide (Gb3), respectively; 6, 7, gly- 
colipids from I and 3 mg of Vero 
cells, respectively; 8, 9, glycolipids 
from 1 and 3 mg of HeLa cells, re- 
spectively; 10-12, glycolipids from 
1, 3, and 10 mg of HSVEC, respec- 
tively; 13-15, glycolipids from 1, 
3, and 10 mg of HUVEC, respec- 
tively; 16, 1 gg each of standard gly- 
colipids lactosylceramide (CDH), 
Gb3, and globotetraosylceramide 
(Gb4). All cell masses are ex- 
pressed according to wet weight. 

we detected a more rapid loss of EC viability, occurring 
within the first 24 h of incubation with toxin. These differ- 
ences in kinetics may be due to differences in the metabolic 

activity of the EC used in the cytotoxicity assays. Obrig et al. 

[18] cultured different concentrations of HUVEC at 370C 
for 12-24 h, and these cells were termed confluent or non- 
confluent. We seeded EC, monitored growth using an in- 

verted-phase microscope, and allowed the cells to replicate 
to a confluent state over 3-5 days. Since Shiga toxin acts by 
inhibiting protein synthesis, differences in target cell meta- 
bolic activity may have drastic effects on Shiga toxin sensi- 

tivity. 
The amount of toxin added to EC was based on the cyto- 

toxicity of the toxin preparations for Vero cells, a cell line 
that has been used to characterize toxin activity and toxin-re- 

ceptor interaction [7]. While EC are susceptible to Shiga 
toxin, they are at least 106-fold less sensitive than Vero cells. 
On the basis of the cytotoxic potential of Shiga toxin for Vero 
cells (1 CD50 - 1 pg of toxin), we estimate that 1 EC CD50 is 
- 1.4 X 10-8 M or ~ 10 gg of toxin. As previously reported 
for other cytotoxicity assays using Shiga toxin and SLTs [46, 
47], we noted a shallow dose response curve, that is, incuba- 
tion of EC with concentrations of Shiga toxin that differ 100- 
fold produced only slight changes in percentages of viability 
(compare 109 vs. 10' CD50, figure 1). In addition, we isolated 
viable EC, even when the cells were incubated with - 10 EC 

CD50 of Shiga toxin. Although previous studies have clearly 
demonstrated differential cytotoxicity between confluent 
and nonconfluent HUVEC [18], our data suggest that even 
within a population of confluent EC, there may be heteroge- 
neity in terms of susceptibility to Shiga toxin. 

Several lines of evidence suggest that endotoxins may con- 
tribute to the development of HUS. Bertani et al. [41] dem- 
onstrated that when rabbits were infused with E. coli 
0111:B4 LPS, marked damage to glomerular EC became 

apparent within 5 min. Changes in EC morphology preceded 
polymorphonuclear cell infiltration and fibrin deposition. 
These changes were consistent with those seen in the kidneys 
of HUS patients [16]. Barrett et al. [48] showed that a single 
sublethal dose of endotoxin given to rabbits 3 days after the 
initiation of continuous SLT-II infusion enhances the lethal 
effect of the toxin. In the in vitro cytotoxicity assays reported 
here, however, purified LPS derived from S. dysenteriae type 
1 or EHEC strains was not directly cytotoxic for EC at doses 
as high as 10 Ag/ml. This finding is in accordance with earlier 
studies showing that HUVEC are refractory to both LPS-me- 
diated direct cytotoxicity and changes in EC function at 
doses as high as 100 ,g/ml [49, 50]. In addition, we have 
shown that the addition of anti-Shiga toxin MAb to crude 
toxin preparations neutralizes cytotoxicity, and the coincu- 
bation of EC with LPS and purified Shiga toxin neither en- 
hanced nor inhibited EC cytotoxicity. However, the correla- 
tion of our in vitro cytotoxicity data with animal models of 
HUS should be made with caution. The capacity of endotox- 
ins to mediate alterations in cellular functions, particularly 
through the elicitation of endogenous cytokines, is now well 
documented [42, 51]. Thus, the contributory effect of endo- 
toxins in HUS may be mediated through changes in EC or 

inflammatory cell functions that have yet to be fully eluci- 
dated. 

Our data suggest that in the presence of the cytokine 
TNFa, the Shiga toxin EC CD50 may be reduced from 
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~ lO"8 M to as low as ~ lO"10 M (table 2). Although free 

Shiga toxin or SLTs in human sera have not been quanti- 
tated, it is not unreasonable to speculate that this lower dose 
of toxin may be in the physiologically relevant range [52]. In 
addition, Shiga toxin may exacerbate any cytotoxic effects 
mediated directly by cytokines. rhTNFa at 20 ng/ml or re- 
combinant human interleukin-10 at 100 pg/ml have been 
demonstrated not to be directly cytotoxic for HUVEC [53]. 
However, in the presence of the protein synthesis inhibitor 

cycloheximide or the RNA synthesis inhibitor actinomycin 
D, HUVEC have been shown to be sensitized to the cyto- 
toxic effects of these cytokines [53]. Therefore, by inhibiting 
de novo protein synthesis, Shiga toxin and SLTs may act to 
block the protective mechanism(s) necessary to overcome 

cytokine-mediated direct cytotoxicity. 
We used an indirect immunofluorescence assay to moni- 

tor the binding of Shiga toxin to EC. Toxin-specific binding 
to EC was reduced relative to Vero and HeLa cells. We also 
noted cell-to-cell variations in toxin binding when Vero or 
HeLa cells or EC were treated with equivalent doses of Shiga 
toxin. Again, this suggests that the cells may consist of hetero- 

geneous populations in terms of the capacity to bind Shiga 
toxin. Toxin binding studies using Shiga toxin-sensitive and 
resistant HeLa cell lines have shown that 10-fold differences 
in toxin binding sites can produce 109 -fold variability in 
toxin sensitivity [46, 47]. Thus, the minute differences in 
fluorescence we observed among cells in the toxin binding 
experiments may represent profound differences in Shiga 
toxin sensitivity. To more directly compare differences in 
toxin binding, we examined the glycolipid components of 
the cell membranes. Both EC types contained ~ 1000-fold 
less Gb3 than did Vero cells. Thus, the relative insensitivity 
of human EC derived from large veins may be directly corre- 
lated with reduced numbers of toxin-specific membrane re- 

ceptors, and our data support earlier studies showing a corre- 
lation of Shiga toxin sensitivity with membrane Gb3 content 

[45, 47, 54]. 
Our data demonstrating the relative insensitivity of human 

vascular EC to Shiga toxin and the paucity of toxin-specific 
membrane receptors suggest that the use of these cells may 
not represent the most appropriate in vitro model of HUS. 

Histopathologic studies have shown, however, that glomeru- 
lar EC damage is a hallmark of HUS [16, 41]. Boyd and 

Lingwood [45] showed that Gb3 is the predominant neutral 

glycolipid in human renal tissue; their values were ~2- to 
30-fold greater than the amount of Gb3 we detected in EC. 

Although the amount of glycolipid in a complex tissue sam- 

ple may not accurately reflect the relative amount in a partic- 
ular cell type, the data suggest that EC derived from large 
veins may differ in their toxin-receptor content from glomer- 
ular endothelial cells. Finally, it is important to note that 
human vascular EC and glomerular EC are functionally and 

morphologically distinct cells. Glomerular EC are highly 
fenestrated and coated with a sialoglycoprotein-rich anionic 

glycocalix [55]. The structural and functional differences in 

EC may include differential responses to Shiga toxin or LPS. 
There is one report that endotoxins are directly cytotoxic for 
human glomerular endothelial cells [56]. Further studies on 
the effect of Shiga toxin and endotoxin on human glomeru- 
lar cells are clearly warranted and are currently in progress in 
our laboratory. 
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