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ABSTRACT

The endothelial damage induced by Stx represents the
main pathogenic event in the HUS associated with
STEC infections in humans. Stx, released in the gut by
bacteria, enter the bloodstream and are targeted to re-
nal endothelia. The role of PMN as a toxin carrier has
been the object of controversy. In this paper, we con-
firm the binding of Stx1 to PMN, also showing its de-
granulating effects on full-loaded leukocytes, and sup-
port the carrier role of PMN by using a two-chamber
transmigration device, in which PMN, loaded in vitro
with different amounts of Stx1, transmigrated through
confluent monolayers of endothelial cells, mimicking the
toxin-induced renal endothelial injury. Stx1 was trans-
ferred during PMN transmigration, impairing protein
synthesis and triggering production of proinflammatory
cytokines in endothelial cells. PMN, carrying low toxin
amounts, induced the release of high levels of cyto-
kines in viable endothelial cells, whereas cytokine pro-
duction was blocked in cells challenged with PMN fully
loaded with Stx as a result of an almost total impair-
ment of translation and of the activation of the apopto-
tic program. In agreement with previous unexplained
observations in animal models, the results obtained
with our experimental setting suggest that a self-ampli-
fying circle triggered by low doses of toxin may lead to
the production of proinflammatory mediators of renal
damage in HUS. J. Leukoc. Biol. 88: 201-210; 2010.

Introduction

STECs are food-borne pathogens causing severe illnesses in
humans, such as the HUS, the most common cause of acute
renal failure in early childhood [1-4].

Abbreviations: Gb3=globotriaosylceramide, HUS=hemolytic uremic syn-
drome, MCV=mean channel value of fluorescence, STEC=Shiga toxin-
producing Escherichia coli Stx=Shiga toxin(s)
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The main steps in the pathogenesis of STEC-associated HUS
include the colonization of the gut by STEC, the release of Stx
in the intestinal lumen, their absorption into the blood circu-
lation, and their delivery to the renal and cerebral endothelia
endowed with specific toxin receptors [5-7]. It is now gener-
ally accepted that the main virulence factor of STEC is Stx and
that the renal endothelial injury induced by the toxins is the
primary pathogenetic event in HUS [6]. STEC may produce
two main types of toxins, Stx] and Stx2, which are composed
of a catalytic A chain noncovalently linked to a pentamer of B
subunits that mediates the binding to glycolipid receptors
(usually Gb3), present on the surface of target cells [7]. The
effects of Stx on target cells are related to their enzymatic ac-
tion, consisting of the removal of a specific adenine base from
28S rRNA in ribosomes [8] and of the abstraction of multiple
adenines from DNA in the nucleus [9, 10]. Despite this
knowledge, the consequences of the molecular damages to
ribosomes and DNA induced by Stx within target cells are
not simple to predict. On one hand, the Stx challenge in-
duces apoptotic cell death [10, 11], occurring after 24-36 h
of treatment in a dose-related manner [12]. On the other
hand, a specific cellular response not related to apoptosis
has been largely described. In particular, the treatment of
endothelial cells with both Stx leads to the increased mRNA
levels and protein expression of a small number of human
genes, in particular, 25 genes by Stx1 and 24 by Stx2 [13].
Most of these genes encode proteins associated with inflam-
matory responses, such as IL-8 and MCP-1 [13, 14]. It is be-
lieved that such response patterns might contribute to HUS
pathogenesis through the recruitment of inflammatory cells
in the kidney [5, 6].
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Some issues that still need to be clarified in the pathogene-
sis of HUS are the entry of the toxins into the circulation and
their delivery to renal endothelial cells. As for the latter, free
Stx have never been found in the serum of patients with HUS
[3, 15]. Conversely, Stx have been detected by specific anti-
bodies on the surface of circulating PMN of HUS patients,
thus suggesting a role of these blood cells as a toxin carrier
[16, 17]. Although recent papers have questioned these find-
ings [18, 19] by reporting the lack of specific binding of Stx to
PMN, other studies have confirmed the presence of Stx on
PMN from HUS patients [20, 21], exploiting this feature for
the diagnosis of STEC infection. More recently, the binding of
Stx1 and Stx2 to PMN in human blood has been demon-
strated by Griener et al. [22] using immunofluorescence and
by our group [23] using direct and indirect flow cytometric
analysis and binding experiments with radiolabeled toxins. In
particular, we also showed that Stx bind to the surface of hu-
man mature PMN but not to immature PMN from G-CSF-
treated donors and confirmed this result using the human my-
eloid leukemia cell (HL-60) model for inducible granulocytic
differentiation [23]. Further evidence of such a binding is the
delay of the spontaneous apoptosis observed in PMN carrying
Stx [23], also observed in PMN from HUS patients [24].

In the present study, we confirm further that Stx bind to
PMN and present a comprehensive experimental model to
investigate the mechanism of toxin transfer from PMN to en-
dothelial cells and the response of these cells to intoxication.
We investigated specifically the binding of Stx to PMN, the
degranulating effect induced by Stx, the transmigration of Stx-
positive PMN, the passage of the toxic ligand to the endothe-
lial cells, and the effects of such a passage on protein synthe-
sis, on cell viability, and on the release of inflammatory cyto-
kines involved in HUS pathogenesis.

MATERIALS AND METHODS

Toxins

Stx1 was purified according to a method described previously [25]. Stx1
preparation contained low amounts of bacterial LPS (2-3 ng/mg), as as-
sayed by using the Limulus amoebocyte lysate Pyrogent® plus (Cambrex,
Walkersville, MD, USA). Iodination of Stx1 (100 wg) was performed with
two Todo beads (Pierce, Rockford, IL, USA) and 500 wCi Na'?°T (2.125
Ci/u atom, 100 mCi/ml; Amersham Pharmacia Biotech, Bucks, UK), ac-
cording to the manufacturer’s instruction. The biological activity of the
radiolabeled toxin was assessed by testing the binding to immobilized Gb3
(globotriose-Fractogel, IsoSep AB, Lund, Sweden) and by comparing the
1C;,, of radiolabeled and native toxins on HUVEC translation.

Cell cultures and protein synthesis

HUVEC were cultured and checked for the expression of the von Wille-
brand factor as described previously [10, 26]. Protein synthesis was mea-
sured as the rate of incorporation of labeled leucine during a 30-min incu-
bation of the cell monolayers in the complete medium containing 0.4 mM
leucine and trace amounts of [*H]leucine. This procedure has been de-
scribed in detail elsewhere [27]. HUVEC were challenged, as indicated in
the legends to figures or in the table, with PMN carrying Stx.

Binding of native or radiolabeled Stx1 to PMN

Highly purified PMN (98% lobulated nuclei) were isolated under
endotoxin-free conditions from buffy coats of three different healthy do-
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nors after centrifugation over Ficoll Paque, followed by dextran sedimenta-
tion and hypotonic lysis of contaminating erythrocytes, as described previ-
ously [23, 28]. For binding experiments, Eppendorf tubes were precoated
with PBS containing 1% BSA to avoid nonspecific loss of toxins [29]. PMN
(2x10°/ml) were incubated with different concentrations of unlabeled or
labeled Stx (0.5-150 nM) for 90 min at 37°C in the same buffer. The cells
were spun down at 200 g for 5 min and washed three times with 0.6 vol of
the same buffer at 37°C. The extent of binding of native Stx to PMN was
measured by flow cytometry as described below, whereas the binding of
['*I]Stx1 was quantified by counting the cell-associated radioactivity with a
y-counter. The binding of radiolabeled Stx1 in the presence of a 50-fold
excess of native, unlabeled Stx1 (nonspecific binding) was subtracted in
cach experiment. Alternatively, PMN carrying Stx on their membrane were
used immediately in the transmigration assay described below. In this case,
they were finally resuspended in RPMI containing 2.5% FCS at 37°C.

Detection of Stx1 bound to PMN

Stx1 bound on PMN was detected by flow cytometry as described previously
[20]. PMN carrying Stx1 (see above) were incubated with a mouse mAb
against Stx1 in the presence of human serum to saturate FcRs on PMN.
After incubation with FITC-goat anti-mouse IgG, flow cytometric analysis
was used to reveal the PMN-bound fluorescence. Cells were visualized by a
cytogram that combined forward-scatter versus 90° side-scatter, and fluores-
cence was analyzed by a cytogram that combined 90° side-scatter and fluo-
rescence and by a single-fluorescence histogram. PMN were checked by
staining with mAb to antigens associated to granulocytes (FITC-CD16 and
FITC-CD65, Beckman Coulter, Miami FL, USA). The MCV of the single-
fluorescence histogram was chosen as an objective parameter to measure
the extent of binding of Stx to PMN [20]. The single values were calcu-
lated by subtracting the control MCV (range 0.4-0.6), i.e., the MCV of
PMN from the same donor incubated with primary and secondary antibod-
ies in the absence of the toxin. The same values (MCV=0.4-0.6) were ob-
tained if anti-Stx1 mouse mAb were omitted in the assay in the presence of
toxins and secondary antibodies. The assay has been validated previously by
comparing control subjects and HUS patients in a blinded manner [20]
and by challenging Stx-positive PMN with a negative control antibody [21].

PMN degranulation assays

PMN were incubated as described above with Stx1 (see Fig. 3). After 90
min at 37°C, the occurrence of degranulation was revealed by assessing the
presence of the specific degranulation markers (CD11b, CD66b, CD63) on
PMN surface by flow cytometry. Samples were treated with a fixative solu-
tion (VitaLyse, BioE, St. Paul, MN, USA), and after two washings with PBS,
3 X 10° cells were pelleted and incubated for 20 min at room temperature
with the following mAb: PE-CD63 (Beckman Coulter), allophycocyanin-
CD11b (Becton Dickinson, Franklin Lakes, NJ, USA), or unconjugated
CD66b (Becton Dickinson). In the latter case, after two further washings
with PBS, cells were incubated with FITC anti-mouse IgG (Beckman
Coulter). Controls were run with an appropriate IgG isotype. Samples were
evaluated by flow cytometry (FC500 cytometer, equipped with two lasers,
Beckman Coulter), and histograms were obtained by the CXP-dedicated
program (Beckman Coulter).

Transmigration assay

HUVEC (2.5X10°) were seeded in the upper chamber of Transwell (12
mm diameter, 3 um pore size, Costar, Cambridge, MA, USA), precoated
with fibronectin (50 wg/ml for 30 min), and the cells were grown at 37°C
in 5% COysupplemented air for 2 days to obtain a confluent monolayer.
PMN were added at 1 X 10° cells/well to the top chamber containing
RPMI with 2.5% FCS. The chemoattractant IL-8 (5 nM) was added to the
same medium present in the lower chamber. After 2 h at 37°C, the PMN
that had transmigrated into the lower chamber were collected, washed with
PBS, and pelleted as described above. Proteins present in the pellet and in
the lower chamber were precipitated with 10% TCA, resuspended in KOH
0.5 N, and quantified by the Bio-Rad protein assay (Bio-Rad, Hercules, CA,
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USA) [30] with BSA as standard. In each experiment a standard curve
(number of cells/protein content) was constructed with known amounts of
PMN (0.25-1x10°), washed, pelleted, and TCA-precipitated as described
above. The number of transmigrated PMN was determined by plotting the
values of protein determinations on the standard curve. The coefficient of
determination was, in all cases, >0.98. The protein content of 1 X 106
PMN was ~40 pg. Nontransmigrated PMN present in the top chamber
were removed, and the HUVEC monolayer was washed gently three times
with 250 ul PBS to detach adherent leukocytes. Finally, the number of
PMN present in the combined culture medium and washings was deter-
mined as described above. Total recovery percent (% PMN in the upper
chamber+% PMN in the lower chamber) after the transmigration assay was
89.3 + 10.7% (mean=*sp; n=6). To determine the protein synthesis rate in
HUVEC challenged with transmigrating PMN, the upper chamber was re-
moved gently, and its edges were cut carefully with a scalpel so that the
bottom microporous membrane containing the endothelial monolayer
could be transferred to new culture plates. Fresh medium for the HUVEC
culture [10, 26] was added, and after 16 h, the translation rate was mea-
sured as described above. The overnight culture supernatants were col-
lected for cytokine determinations.

Detection of chemokines by ELISA

IL-8 and MCP-1 proteins present in culture supernatants from control,
toxin-treated HUVEC and HUVEC challenged with PMN carrying Stx
were quantified by enzyme immunoassay using standards ranging from
31.25 to 2000 pg/ml, according to the manufacturer’s instructions
(quantikine human IL-8 and human MCP-1 immunoassay; R&D Systems
Inc., Minneapolis, MN, USA).

Detection of apoptosis and necrosis

Cell apoptosis and necrosis were assessed morphologically on HUVEC us-
ing fluorescence microscopy. After transmigration of control or Stx1-
treated PMN, HUVEC were incubated overnight (see above), and then,
they were detached from the microporous membrane by treatment with
trypsin 0.1% for 2.5 min. Detached cells were stained with Hoechst 33342
(3 wg/ml) and propidium iodide (2.5 ug/ml) and their nuclear morphol-
ogy examined by fluorescence microscopy. No significant changes in total
protein contents were observed in each condition, as quantified by the Bio-
Rad protein assay [30].

Data analysis

Data were stored in a Microsoft Excel file. Data analysis was performed with
SPSS, Version 14.0. Differences in continuous variables were tested with
ttest after controlling the normality of their distribution. Correlation be-
tween variables was assessed through calculation of the Pearson correlation
coefficient.

RESULTS

A model of PMN transmigration through an endothelial cell
monolayer was deployed by using a two-chamber transmigra-
tion device in which HUVEC were seeded in the upper
chamber to form a confluent monolayer. Highly purified,
endotoxin-free PMN [23, 28], isolated from different
healthy donors, were treated with Stx1 to obtain amounts of
bound toxin comparable with those observed in the PMN
from HUS patients [20, 21]. PMN were then stimulated to
transmigrate through the monolayer by the presence of IL-8

in the lower chamber.

Binding of Stx1 to isolated PMN

The binding of Stx1 to PMN was performed with native and
radiolabeled Stx1. In the former case, the amount of Stx1
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bound to PMN was detected by indirect flow cytometric analy-
sis by measuring the fluorescence associated to PMN and ex-
pressed as MCV [20]. The latter parameter was used in previ-
ous studies to measure the maximum Stx-binding capacity of
PMN from healthy donors (MCV~3) [20, 23] and to detect
Stx in the blood of patients with HUS (MCV=0.7-5) [21]. The
dose-response curve of the interaction PMN-Stx1 is shown in
Figure 1A. When Stx1 concentrations were increased progres-
sively, starting from 0.5 nM, the measured MCV increased
gradually until the maximum binding capacity was reached
(Fig. 1A). Under these saturating conditions (=50 nM Stx1),
we obtained fluorescence values (highest MCV values of Fig. 1,
A and B) similar to the maximum values observed in previous
studies in HUS patients [20, 21], as depicted in the single-his-
togram analysis shown in Figure 2B. The exact amount of
toxin bound to PMN at saturation was measured with radiola-
beled ['**1]Stx1 (50 nM) by counting the radioactivity associ-
ated to PMN after extensive washing. The value (0.33 pmol/
10° PMN=0.04; mean*sp; n=3) was obtained after subtrac-
tion of the radioactivity measured in the presence of 50-fold
excess unlabeled Stx1 (nonspecific binding). The calculated
number of binding sites/PMN (201,400+13,000 mean*sp;
n=3) was similar to previous reported values [17, 23]. PMN,
fully loaded with ['%51]Stx1, were used in some of the follow-
ing experiments (see below).

Stx1 does not inhibit PMN transmigration
Transmigration experiments were performed with control
and StxI-treated PMN. Figure 1B shows the relationship be-
tween the extent of Stx1 binding to PMN, expressed as
MCV, and the transmigration of Stxl-treated PMN through
the endothelial cell monolayer to the lower chamber after

2 h. PMN transmigration (675,000£127,000; mean*sp; n=6)
was not impaired by the presence of Stx1l on the PMN mem-
branes, even at saturating conditions (MCV~3; Fig. 1B).

Stx1 induces PMN degranulation

PMN possess different type of granules sequentially mobilized
during transmigration from the bloodstream to the site of in-
flammatory recruitment [31-33]. The membrane luminal side
of these granules is rich in specific proteins that appear on the
cell surface after exocytosis, giving evidence of degranulation.
Two types of granules are marked with CD11b: the secretory
granules, which fuse with the PMN plasma membrane during
the initial interaction with endothelium, providing a variety of
membrane-bound receptors, and the gelatinase granules,
which release several proteases during transmigration, allowing
PMN to cut the basal membrane [31-33]. Exocytosis of these
granules is not harmful for endothelium. On the contrary, the
potentially dangerous content of primary granules (marked by
CD63) and secondary granules (marked by CD66b and
CD11b) is released in the extravascular space supporting bac-
terial clearance [31-33]. Figure 3 shows a positive, dose-depen-
dent trend in the activation and degranulation of PMN by
Stx1 during the 90-min incubation necessary to bind the toxin
before the transmigration assay. However, a significant in-
crease in the expression of all degranulation markers with re-
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Figure 1. Binding of Stx1 to PMN and transmigration of PMN popula-
tions carrying different amounts of Stx on their membrane. (A) PMN
were treated with increasing concentrations of Stx1, and the binding
of the toxin to PMN was assessed by flow cytometry, as described in
Materials and Methods, and expressed as MCV. The data are the
means * sp. (B) Transmigration assay is described in Materials and
Methods, and the percent of transmigration of Stxl-loaded PMN with
respect to control PMN is shown. The data are the means * sp from
three independent experiments. In the presence of toxin, no signifi-
cant differences were observed with respect to control transmigration
(P>0.05).

spect to basal level was observed only with PMN fully loaded
with Stx1. After transmigration and consequent stimulation by
IL-8, degranulation was observed at the same extent in Stx1-
treated and Stxl-negative PMN, as assessed by detection of the
marker CD66b (Fig. 4). Thus, the already degranulated toxin-
treated PMN appeared hyporesponsive to a second activating
stimulus. It should be noted that the potentially harmful prod-
ucts released by PMN did not interfere in the transmigration
assay, as they were lost during the washings necessary to elimi-
nate free, unbound toxins.

Transfer of Stx1 from PMN to endothelial cells
during transmigration

Stx1 was no longer detectable on PMN after their transmigra-
tion, as indicated by the disappearance of the fluorescent
staining from the cells migrated to the lower chamber (Fig.
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Figure 2. Cytogram profiles of flow cytometry detection of Stx on PMN
membranes. PMN, isolated from healthy donors, were untreated

(A); treated with 50 nM Stx1 (B); or treated with 50 nM Stx1, followed by
transmigration through an endothelial cell monolayer, as described in Mate-
rials and Methods (C). The single-histogram analysis is representative of three
independent experiments in which significant differences (£<0.001) be-
tween the fluorescence values of fully loaded PMN before (MCV=2.83+
0.30) and after (MCV=0.02+0.04) transmigration were observed.
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Figure 3. Degranulation of PMN treated with Stx1. PMN were treated
as described in Materials and Methods with Sx1 (60 nM, 6 nM, and 3
nM), obtaining three populations having full saturation (MCV~3),
half-saturation (MCV~1.5), and low saturation (MCV~0.8) of recep-
tors, respectively. The presence on the PMN surface of CD11b
(present on the membrane of secretory, gelatinase, and secondary
granules), CD66b (present on the membrane of secondary granules),
and CD63 (present of the membrane of primary granules), as evi-
dence of degranulation, was assessed by direct or indirect flow cyto-
metric analysis as described in Material and Methods. Data are

means * sp from three independent experiments. The ratios between
the expression of the degranulation markers in toxin-treated cells and

those in control cells give the fold increase. *, P < 0.001; **, P < 0.05.
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Figure 4. Degranulation of PMN after transmigrating stimuli. PMN
were treated as described in the legend to Figure 3, and then they
were stimulated to transmigrate through HUVEC monolayers in the
presence of IL-8 (5 nM), as described in Materials and Methods. The
extent of expression of CD66b was assessed in the transmigrated PMN
and compared with that obtained before transmigration. Data are
means * sp from three independent experiments. The ratios between
the expression of the degranulation marker CD66b in the population
of PMN indicated that in the figure and those in control, nontransmi-
grated cells give the fold increase. *, P < 0.05; **, P < 0.001.

2C), which had MCV similar to those of the control PMN (Fig.
2A). Further evidence was obtained by treating PMN from
three different donors with ['2°I]Stx1 at saturating conditions
(see above) and by comparing their specific radioactivity be-
fore and after the 2-h transmigration assay. The specific radio-
activity of the PMN decreased by one order of magnitude after
their transmigration to the lower chamber. Conversely, the
specific activity of nonmigrated PMN remaining in the upper
chamber was only slightly reduced (Table 1). After the passage
of 60% of total PMN present in the assay, the percentage of
total radioactivity associated to HUVEC was 64.5 = 9.2, con-
firming the transfer of the toxic ligand to the endothelium.

Inhibition of protein synthesis in endothelial cells
challenged with PMN carrying Stx1
As Stx are well known as specific inhibitors of translation
which irreversibly damage ribosomes, the effect of the trans-
migration of PMN carrying different amounts of Stx on the
protein synthesis of the endothelial cell monolayers was
evaluated (Fig. 5). After the 2-h transmigration assay, the
bottom part of the upper chamber with adherent HUVEC
was transferred to new culture plates. Fresh medium was
added, cells were incubated overnight, and finally, the trans-
lation rate was measured, and the overnight culture super-
natants were collected for cytokine determinations (see be-
low). The overnight incubation is sufficient to allow the in-
ternalization of the toxin, the formation of Stx-dependent
intracellular injuries, and the synthesis and release of proin-
flammatory cytokines by HUVEC, as assessed previously with
soluble Stx1 [10, 34].

HUVEC protein synthesis was found to be impaired, and the
extent of inhibition was related strictly to the amount of Stx
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TABLE 1. Disappearance of Radiolabeled Stx1 from PMN
after Transmigration

Specific radioactivity ratio”

Source of PMN Nonmigrated PMN  Transmigrated PMN

Donor 1 1.37 0.01
Donor 2 0.97 0.11
Donor 3 0.45 0.11

Mean * sp” 0.93 = 0.46 0.08 = 0.06

“Ratio between the specific radioactivity of the indicated PMN popu-
lations and the specific radioactivity of PMN before the transmigration
experiment. As described in the text, treatment of PMN with 50 nM
[IQSI]Stxlgave full saturation of the receptors, as reported in ref. [17].
’p < 0.05.

present on the migrating PMN, measured as MCV (Fig. 5).
The specificity of Stx-mediated damage in endothelial cells was
demonstrated by the neutralizing effect of anti-Stx1 mAb (6
ug) added in the upper chamber during the transmigration
assay (data not shown). In the absence of the chemoattractant,
fully loaded, nontransmigrating PMN (MCV~3) gave low inhi-
bition of protein synthesis in HUVEC (10.1+13.2; mean=*sp;
n=3), probably caused by gravity-dependent endothelium-
PMN interactions.

Release of proinflammatory cytokines involved in
HUS pathogenesis by Stx-treated endothelial cells

It is known that the treatment of endothelial cells with Stx1
and Stx2 leads to increased mRNA levels and protein expres-
sion of chemokines, such as IL-8 and MCP-1 [13, 14], of cell
adhesion molecules [35], and of several other cytokines in-
volved in HUS pathogenesis [13]. The molecular link between
cytokine expression and the enzymatic action of the Stx is the
ribosome, as the specific damage of ribosomal 28S RNA in-
duced by the toxins is indispensable and sufficient to activate
stress kinase cascades, which in turn, induce the nuclear tran-
scription of the proinflammatory genes [9, 36, 37]. However,
the same ribosomal damage might interfere with the transla-
tion into proteins of the proinflammatory cytokine mRNAs
[9]. Therefore, the relationship between cytokine expression
and protein synthesis inhibition is not simple to predict.

The production of IL-8 was evaluated in HUVEC challenged
with Stx1-positive PMN populations, having MCV representa-
tive of those observed in HUS patients. Transmigration
through the endothelial cell monolayers of PMN, having MCV
between the detection limit and 1.5, caused a protein synthesis
inhibition between 30% and 60% (vertical dotted lines,

Fig. 6A). This was accompanied by a significant up-regulating
effect on IL-8 expression (Fig. 6B). In this case, signals deriv-
ing from ribosomal damage via stress-activated kinase cascades
are present in the nucleus to indicate the need for transcrip-
tion, and the resulting mRNA is translated into a protein se-
quence, as the protein synthesis machinery is not devoid com-
pletely of activity. By contrast, fully loaded PMN (MCV~3) in-
duced in HUVEC a protein synthesis inhibition higher than
60%, with a significant impairment of IL-8 up-regulation, prob-
ably as messengers remained untranslated in the cytoplasm.
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The same behavior was observed when the amount of the
chemokine MCP-1 was measured in HUVEC culture superna-
tants after PMN transmigration. The trend of MCP-1 up-regu-
lation shown in Figure 6C was similar to that of IL-8, suggest-
ing that the relationship between cytokine expression and pro-
tein synthesis impairment induced by Stx might be a general
phenomenon. Interestingly, with both chemokines, the maxi-
mal up-regulating effect was observed when HUVEC transla-
tion was ~50%, inhibited by the transmigration of Stx1-carry-
ing PMN having ~30% saturation (MCV ~1; Fig. 6). This up-
regulating effect was abrogated completely by the presence of
neutralizing mAb to Stx1 (6 ug), ruling out the involvement
of contaminating molecules (such as LPS) in the phenomenon
(data not shown). We cannot exclude the presence of contam-
inating PMN trapped underneath HUVEC monolayers or in
the pores and basal side of the filter, as ~10% of PMN (1X10°
cells) was not recovered after transmigration (see Materials
and Methods). However, the presence of this number of IL-8-
stimulated PMN accounted for 1-4% of the measured rate of
protein synthesis, and 1-6% of the total production of cyto-
kines, as assessed experimentally in the absence or in the pres-
ence of StxI.

Viability of endothelial cells after transmigration

of Stxl-loaded PMN

The viability of HUVEC after transmigration of PMN loaded
with different amounts of Stx1 was assessed after overnight in-
cubation by using the vital DNA dye Hoechst 33342 for the
detection of changes in chromatin condensation and nuclear
morphology and propidium iodide as a probe for membrane
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Figure 5. Inhibition of translation in endothelial cells challenged with
transmigrating PMN carrying a different amount of Stx1. The binding
of Stx1 to PMN was assessed by flow cytometry, as described in Materi-
als and Methods, and expressed as log of MCV. The conditions of Stx
binding to PMN from healthy donors and the transmigration assay are
described in Materials and Methods. Protein synthesis rate was mea-
sured as described in Materials and Methods. The [*H]leucine incor-
porated by untreated cells was 3404 = 610 dpm (mean*sp; n=3).
Data are means * sp from three independent experiments. The pres-
ence of control transmigrating PMN in the assay did not interfere with
endothelial cell translation. The presence of contaminating free Stx
coming from the first experimental step (binding of the toxins to
PMN) was ruled out by performing appropriate controls in the ab-
sence of PMN. r, Correlation coefficient.
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Figure 6. Inhibition of protein synthesis and production of proinflam-
matory cytokines in HUVEC challenged with Stx1-loaded PMN.

(A) Data from Figure 5 about the inhibition of endothelial cell pro-
tein synthesis after the transmigration of Stxl-loaded PMN were plot-
ted against the amount of Stx1 present on PMN, detected by flow cy-
tometry, and expressed as MCV. The lower horizontal dotted line rep-
resents the detection limit (MCV=0.3) of the flow cytofluorimetric
assay described in Materials and Methods to detect Stx bound to PMN.
The upper horizontal dotted line indicates the MCV value correspond-
ing to 50% saturation of PMN (MCV=1.5) The two vertical dotted
lines indicate the highest (60%) and the lowest (30%) percent of
HUVEC protein synthesis inhibition when the endothelial cells were
challenged with transmigrating PMN carrying amounts of Stx1 lower
than 50% saturation. (B) IL-8 or (C) MCP-1 release by HUVEC
treated as described in A. Quantitative determinations of the chemo-
kines present in the culture supernatants were performed by ELISA, as
described in Materials and Methods. Data are means * sp from three
or two independent experiments, respectively. The ratios between the
amounts of chemokines detected in culture supernatants from toxin-
treated cells and those from untreated controls (IL-8, 2521+234 pg/
ml, mean*sp, n=3; MCP-1, 23+4 pg/ml, mean*sp, n=2) give the
fold increase. *, P < 0.05.

www jleukbio.org

Endothelial damage by leukocyte-bound Shiga toxins

120- CViable
§ 100- I -Apoptqtlc
2% I g B Necrotic
S 5 80+ *
OE
g e
=
X -o‘-- 40+ *
L=
= . M.
0 [l
= N A N
Qé aQ /\‘ en"
> N N ~
& G ) @)
o & &S
3 > Q Q
Q* Q\§ Q'&
> > >
< Q <
+,\:\‘ +\:é .‘:\16
¥ ¥ <

Figure 7. Viability of HUVEC challenged with Stx1-loaded PMN. De-
tection of apoptosis and necrosis in HUVEC was assessed after transmi-
gration of control PMN and of three populations of PMN carrying dif-
ferent amounts of Stx1 (MCV~0.8; MCV~1.5; MCV~3), which are
responsible for the three highest inhibitions of HUVEC translation
shown in Figure 6A and of differential up-regulating effects on cyto-
kine production by HUVEC (Fig. 6, B and C). Apoptosis and necrosis
were assessed simultaneously by Hoechst 33342 and propidium iodide
staining as described in Materials and Methods. Data are means = sp
from three independent experiments. *, P < 0.05.

damage. Figure 7 shows that the percentages of live cells, of
cells undergoing apoptosis, and of necrotic cells were un-
changed after transmigration of PMN having MCV =1.5.
Conversely, a significant reduction of live cells accompanied
by a significant rise in apoptotic HUVEC was observed after
transmigration of fully loaded PMN. This clearly correlated
with the strong impairment of protein synthesis measured
in these cells (Fig. 6A) and with the concomitant block of
cytokine induction (Fig. 6, B and C). Thus, HUVEC chal-
lenged with fully loaded PMN developed sudden injuries,
which triggered apoptosis in intoxicated cells without pro-
ducing the proinflammatory cytokines that are secreted
when toxic effects on cells are milder.

DISCUSSION

Stx has never been found in the plasma of patients with HUS,
and among circulating cells, PMN seem to be the best candi-
date for the delivery of the toxin from the intestinal mucosa to
the renal endothelium. As a matter of fact, PMN account for
the greater part of the Stx-binding capacity of blood [17, 23]
and possess an affinity for Stx lower than endothelial cells,
thus making easier the transfer [17, 22]. However, the interac-
tion between Stx and PMN has been an object of controversy
with the presentation of conflicting results. Some authors [18,
19, 38] have reported a lack of specific binding of Stx to PMN,
and in particular, Geelen and colleagues [18] interpreted
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their own previous results on HUS patients [16, 17] as artifacts
as a result of nonspecific binding of anti-Stx antibodies. It
should be noted that the first questioned paper [17], never
retracted by the corresponding author, reported convincing
evidence of Stx binding to PMN, such as immunohistological
study and direct flow cytometric analysis with fluorescent
toxin, Scatchard plot with iodinated Stx1, and calculation of
the dissociation constant and of the number of binding sites
on PMN. Moreover, the nonspecific binding of fluorescent
anti-Stx antibodies to PMN claimed to justify as an artifact the
detection of Stx in patients [16] was simply excluded in the
present study by the disappearance of the fluorescent labeling
in Stx-positive PMN after transmigration.

In light of the results presented by our group in this study
and in previous papers [20, 21, 23] and by Griener et al. [22],
the above-mentioned negative results [18, 19, 38] could be
explained by some features of their experimental procedures.
The studies from Geelen et al. [18] and Flagler et al. [19] re-
ported the lack of binding of Stxl to neutrophils after treat-
ment with the toxin, followed by the isolation of the cells on
Ficoll layers or Mono-Poly resolving media. These treatments
could have caused the detachment of Stx from the PMN mem-
brane, as the dissociation constant of the interaction Stx1/
neutrophil receptor is fairly elevated with respect to the disso-
ciation constant calculated with the Gb3 receptor, although it
is important to note that low-affinity binding does not mean
nonspecific binding. Moreover, based on the results presented
by Griener et al. [22], indicating that the A subunit of Stx is
mainly responsible for the binding to human PMN, it is con-
ceivable that three different active domains may exist in the
holotoxin: an enzymic-active site and a Gb3-independent bind-
ing site in the A subunit and the well-characterized Gb3-bind-
ing sites in the B subunits. It is noteworthy that some of the
data obtained in the contrary report by Geelen [18] have been
obtained with the B subunit alone, which based on the above
findings, could not be involved in PMN binding. Inasmuch,
work in progress in our laboratory (manuscript in prepara-
tion) demonstrates that depending on the purification proce-
dure, it is possible to obtain Stx preparations lacking PMN-
binding activity but maintaining the Gb3-binding and enzymic
activities. Thus, the cytotoxicity assays performed in the men-
tioned negative reports [18, 19, 38], as evidence of the full
activity of a given Stx preparation, may not be sufficient to
demonstrate the preservation of all of the activities of the
toxin. Finally, in studies by Geelen et al. [18] and Flagler et al.
[19], a mouse animal model was used. As mouse and human
PMN have been shown to possess different Stx-binding recep-
tors [22, 23], the results obtained by this model can hardly be
considered representative of the toxic pathways in HUS pa-
tients. The results presented in this paper document further
that Stx actually binds to human PMN and support the results
obtained by analyzing PMN from HUS patients [21].

To understand whether Stx bound to PMN is delivered to
endothelial cells, and PMN loaded with different amounts of
toxin can elicit different responses in endothelia, we used an
experimental model consisting of endotoxin-free PMN [28],
migrating through a confluent monolayer of human endothe-
lial cells in a two-chamber transmigration device. To date, the
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most accredited model centered on the circulating PMN as
toxin carriers capable of transferring the toxin to sensitive
cells was proposed by te Loo et al. [17] and confirmed re-
cently by Griener [22]. In such a model, coincubation of renal
endothelial cells with PMN carrying Stx resulted in the trans-
fer of the toxin to the former cells. This first important evi-
dence, however, was obtained without taking into account the
physiological mode of interaction of circulating PMN with en-
dothelia. These interactions occur mainly during leukocyte
transmigration in the presence of chemoattractants, whereas
they are accidental and scanty in normally flowing blood. Our
model included a chemokine-induced transmigration of PMN
and a reproducible and quantitative procedure of binding
Stx1 to PMN, which allowed us to obtain Stx saturation levels
comparable with those observed previously in HUS patients
[20, 21]. Stx1 was used in these large-scale experiments, as this
toxin was produced in high yield by a simple and rapid purifi-
cation procedure. Our model still needs to be validated with
Stx2, although in previous papers, we did not observe differ-
ences between Stx1 and Stx2 in PMN-binding capacity [20,
23]. The results obtained by the model demonstrated that
PMN transmigration is not impaired by the presence of Stx1
on their membrane, even at saturating conditions; Stx are
transferred from PMN to the endothelial cells during transmi-
gration, as shown by the disappearance of unlabeled or la-
beled toxins from PMN after transmigration and by the con-
comitant radioactive labeling of the endothelium. This also
indicates that Stx are present on the leukocyte surface, con-
firming that they are not internalized by PMN [17].

We cannot provide evidence that the transfer mechanism
observed in vitro is relevant to the situation in patients with
HUS. However, the role of PMN as a Stx carrier in HUS is
supported by the following arguments: the presence of the
toxic activity of Stx has never been reported in the soluble
blood fraction of patients with HUS, although sera from many
STEC-infected patients with HUS have been tested by the Vero
cells assay [3, 15] and human serum contains neutralizing pro-
teins, such as human serum amyloid P, which prevents the cy-
totoxicity of Stx2 in vitro but not its binding to human PMN
[22, 39].

Our experimental observations also showed that PMN,
loaded with different amounts of toxin, induced strikingly dif-
ferent responses in endothelial cells in terms of inflammatory
cytokine release. It is well known that internalized Stx cause
ribosomal damage, which on one hand induces the inhibition
of translation and on the other triggers the stress-kinase cas-
cades that activate transcription of proinflammatory genes in
the nucleus [9, 36, 37]. The administration of PMN-bound
Stx1 to HUVEC (Fig. 6) showed that IL-8 and MCP-1 produc-
tion increased progressively with the increase in translation
inhibition and then fell down when it was higher than 60%.
These differential, up-regulating effects on cytokine produc-
tion were obtained when Stx1l-loaded PMN transmigrated
through the HUVEC monolayers: PMN carrying low Stx levels
(<50% saturation) caused an inhibition of protein synthesis
lower than 60% in endothelial cells, accompanied by a strong
up-regulating effect on cytokine production. Conversely, the
transmigration of PMN with high Stx levels (full saturation)
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caused a block of translation >60% and the activation of the
apoptotic program, with the concomitant impairment of IL-8
and MCP-1 induction (Figs. 6 and 7). The involvement of con-
taminant molecules, such as LPS, in these experiments was
excluded by the inhibitory effects of mAb to Stx1 on the re-
lease of proinflammatory cytokines. On the other hand, the
preparation of Stx used in this study contained low amounts of
LPS (Materials and Methods). Also, the effects of molecules
released by degranulating PMN can be ruled out, as they were
lost during the washings necessary to eliminate free, unbound
toxins. Finally, the effect of contaminating PMN trapped un-
derneath HUVEC monolayers on the outcomes of HUVEC
protein synthesis and cytokine production was negligible.

It is interesting to note that in baboons, experimentally chal-
lenged with i.v. infusion of high and low doses of Stx1 [40],
the histopathological changes observed in the kidney were less
pronounced in the animals challenged with high concentra-
tions of toxin, which had no evidence of thrombotic microan-
giopathy in 60% of glomeruli. Conversely, in the low-dose
group, only 7% of glomeruli showed no evidence of throm-
botic microangiopathy, and 40% and 41% exhibited endothe-
lial swelling and combined endothelial swelling and red cor-
puscle fragmentation, respectively [40]. Our in vitro results
could explain the apparent paradox that the baboons chal-
lenged i.v. with high doses of Stx1 [40] had a less pronounced
renal involvement. In the presence of high levels of Stx, the
production of proinflammatory cytokines is indeed hin-
dered almost completely by the strong inhibition of protein
synthesis (Fig. 6) and by the triggering of an apoptotic pro-
gram in these cells (Fig. 7). Notably, in the baboon model,
the production of proinflammatory mediators was localized
in the renal tissues [40]. It is therefore conceivable that also
in patients with HUS, different levels of toxins in blood may
result in different clinical presentations, and renal involve-
ment is inversely related to the amounts of Stx on PMN.
Further studies about PMN from HUS patients are needed
to evaluate this hypothesis.

The model used to reproduce what might happen in the
kidney of HUS patients is limited by the obvious differences
with the microenvironment of the fenestrated glomerular
endothelia. Anyway, it is possible to speculate about the
trigger, which in vivo, might initiate the process of Stx
transfer from circulating PMN to endothelia under prein-
flammatory conditions. The primum movens could be the
transfer of a limited number of toxin molecules during the
scarce and casual contacts between the PMN and the endo-
thelium. The first toxin molecules transferred would cause
subtle ribosomal damage and the consequent secretion of
low amounts of IL-8 by the intoxicated cells. The released
IL-8, in turn, would stimulate the recruitment and the trans-
migration of new Stx-positive PMN, thus activating a self-
amplifying process, leading to the production of several
proinflammatory mediators of renal damage, until endothe-
lial cells undergo to apoptosis. The mechanism proposed is
centered on the direct effect of Stx on Gb3-containing en-
dothelia; however, we have shown in this paper that StxI-
saturated PMN are activated and degranulated (Fig. 3). In
vivo, the associated release of harmful products might im-
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pose further injuries to the surrounding endothelia, de-
pending on the site of degranulation. Moreover, our data
about Stx-induced degranulation could explain the observa-
tion that PMN from HUS patients show limited response to
degranulating stimuli [24, 38], supporting the concept that
they have been activated previously and degranulated by Stx
(Fig. 4).

In conclusion, our experimental model allowed us to dem-
onstrate that in vitro, Stx bound to PMN are mainly trans-
ferred to endothelial cells during the chemokine-induced
transmigration of these blood cells. The transmigration of
PMN carrying low levels of Stx induced the release of amounts
of cytokines much higher than those released by cells chal-
lenged with PMN loaded with high levels of toxin. The data
obtained by this experimental model could represent a useful
background for clinical studies aimed at better defining the
role of PMN as a toxin carrier in HUS and investigating the
relationship between the amounts of Stx present on the PMN
and the clinical presentation of HUS patients.
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