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sis, which leads to cell death (5, 25, 37). During infection, most
STEC strains express intimin, a virulence factor responsible for
the attaching and effacing lesions observed within the gastrointestinal (GI) tract (6, 33, 48), which is thought to facilitate Stx
absorption from the gut (48). Though the mechanism by which
Stx2, and possibly Stx1, mediates development of HUS in susceptible individuals is not understood, it is believed that endothelial cell injury within the kidney leads to HUS (51).
There is no effective treatment or prophylaxis for HUS available clinically. The systemic administration of Stx-specific neutralizing antibodies, we believe, is currently the most promising
approach for the prevention or treatment of Stx-mediated systemic complications, including HUS (50) and edema disease in
pigs (13). Murine Stx1- and Stx2-specific monoclonal antibodies (MAbs) have been shown to neutralize both toxins in vitro
and in vivo (11, 27, 43). However, a murine MAb is not considered appropriate for human use. The reshaping of a murine
antibody against Stx2 into a humanized form has recently been
shown to completely protect mice against a lethal challenge
with STEC when administered within 24 h after infection (55).
The disadvantage of a humanized antibody is that it still has
mouse components and reduced affinity (10).
We have previously reported the production, characterization,
and evaluation of human monoclonal antibodies (HuMAbs)
against Stx1 and Stx2 in transgenic mice (22, 23). Five highly
effective Stx2-specific antibodies were selected for further characterization, which also included their relative neutralizing efficacies against Stx2 variants (42) using the mouse toxicity model (11,

Hemolytic-uremic syndrome (HUS), characterized by hemolytic anemia, thrombocytopenia, acute renal damage, and variable degrees of central nervous system (CNS) complications,
can result in death or chronic, irreversible renal dysfunction
(50). Infection with Shiga toxin (Stx)-producing Escherichia
coli (STEC) is the most significant cause of HUS, the leading
cause of renal failure in children (1, 9, 21, 26). There are two
immunologically distinct Shiga toxins, of which Stx2 is directly
linked with HUS. In contrast to Stx1, which is largely homogeneous, Stx2 is highly heterogeneous and is encoded by at
least 10 Stx2 gene variants (8, 12, 20, 28, 29, 34, 40, 41, 54). The
Stx2 genotype is the most prevalent genotype identified in
STEC isolated from patients with HUS (7, 38). Stx2 is also
about 400 times more lethal to mice than Stx1 when administered systemically (45). STEC strains producing Stx2 alone
cause more severe neurologic symptoms in gnotobiotic piglets
than strains producing both Stx1 and Stx2, whereas Stx1-producing strains induce only diarrhea and no systemic complications (4).
The Stx molecule consists of an A-subunit monomer and a
B-subunit pentamer. The B subunit binds to its receptor globotriaosylceramide (Gb3) on the host’s cell surface, and then
Stx undergoes endocytosis (16, 39). The A subunit inactivates
the 60S ribosomal subunit and thereby inhibits protein synthe-
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Infection of children with Shiga toxin (Stx)-producing Escherichia coli (STEC) can lead to hemolytic-uremic
syndrome (HUS) in 5 to 10% of patients. Stx2, one of two toxins liberated by the bacterium, is directly linked
with HUS. We have previously shown that Stx-specific human monoclonal antibodies protect STEC-infected
animals from fatal systemic complications. The present study defines the protective antibody dose in relation
to the time of treatment after the onset of diarrhea in infected gnotobiotic piglets. Using the mouse toxicity
model, we selected 5C12, an antibody specific for the A subunit, as the most effective Stx2 antibody for further
characterization in the piglet model in which piglets developed diarrhea 16 to 40 h after bacterial challenge,
followed by fatal neurological symptoms at 48 to 96 h. Seven groups of piglets received doses of 5C12 ranging
from 6.0 mg/kg to 0.05 mg/kg of body weight, administered parenterally 48 h after bacterial challenge. The
minimum fully protective antibody dose was 0.4 mg/kg, and the corresponding serum antibody concentration
in these piglets was 0.7 g (ⴞ0.5)/ml, measured 7 to 14 days after administration. Of 40 infected animals which
received Stx2 antibody treatment of >0.4 mg/kg, 34 (85%) survived, while only 1 (2.5%) of 39 placebo-treated
animals survived. We conclude that the administration of the Stx2-specific antibody was protective against
fatal systemic complications even when it was administered well after the onset of diarrhea. These findings
suggest that children treated with this antibody, even after the onset of bloody diarrhea, may be equally
protected against the risk of developing HUS.
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22, 23, 27, 43) and the streptomycin-treated mouse model of oral
STEC infection (19, 52, 53).
This communication describes the selection and preclinical
evaluation of one antibody (5C12) against the A subunit of
Stx2 in the piglet model of infection in which, as in children,
diarrheal symptoms precede systemic complications associated
with Stx2 uptake from the gut. We have defined the minimum
protective antibody dose, the optimal time it can be administered after bacterial challenge and onset of diarrhea, and the
corresponding serum antibody level in the protected piglets.
MATERIALS AND METHODS

ng (250% lethal dose) of Stx2. A control group of five mice received human
myeloma IgG1() (20 g/mouse; Sigma, St. Louis, MO), and another control
group received 200 l of PBS alone. Both control groups were also challenged
with 62.5 ng of Stx2. The mice were observed twice daily for survival.
Gnotobiotic piglet model of E. coli STEC infection. The selected antibody,
5C12, was then further characterized in the gnotobiotic piglet model of STEC
infection, previously described, using E. coli strain 86-24 (22). A total of 117
piglets were used to determine the minimum protective dose of the HuMAb
5C12, given i.p., either 24 h (17 treated, 17 placebo) (Table 2) or 48 h (39 treated,
44 placebo) (Table 3) after bacterial challenge with ⬃1010 CFU of strain 86-24.
This large inoculum usually induces neurological signs and lesions associated
with Stx2 activity in approximately 90% of control piglets within 48 to 96 h
postinfection (4). The placebo group received either human myeloma IgG1()
(Sigma, St. Louis, MO) or PBS. Piglets were monitored several times daily for
symptoms of diarrhea, dehydration, and CNS complications, which included
ataxia, paresis, headpressing, paddling, convulsions, and opisthotonos. Piglets
were rehydrated i.p. twice daily (20 to 30 ml/injection) with Aminosyn II 3.5% M
plus 5% Dex Inj NTRMX (Hospira, IL), an amino acid injection with maintenance electrolytes in a dextrose injection, immediately after the appearance of
diarrhea. Surviving animals with severe CNS symptoms, or animals that survived
7 to 14 days after the bacterial challenge, were humanely euthanized. Animals
that succumbed before administration of the antibody were excluded from analysis. Those animals were not part of the 117 piglets included in this study. Brain
tissue (cerebral cortex and cerebellum) and gut sections were fixed in formalin
and processed for histology, and blood was collected for measuring serum antibody concentration.
Affinity determination of HuMAbs. The binding kinetics of the HuMAbs with
Stx2 were determined by surface plasmon resonance (BIACore 3000; Biacore
Inc., Piscataway, NJ) using the procedure of indirect capture of MAbs (24, 35).
Rabbit anti-human IgG Fc (Jackson Immuno Laboratories, West Grove, PA)
was amine coupled to a CM5 (carboxymethylated dextran matrix) chip as the
capture antibody, and then the HuMAb to be tested was run over it. The capture
antibody and the HuMAb complex remained stable over the duration of each
run. Kinetics analysis was performed at a flow rate of 100 l/min to reduce mass
transport limitations. Injections were performed with twofold dilutions in duplicate, with Stx2 concentrations ranging from 100 nM to 6.25 nM in HEPESbuffered saline with 3 mM EDTA and 0.005% Tween 20. The surface was
regenerated with 4 M MgCl2 to disrupt the interaction between the capture
antibody and the HuMAb before the HuMAb was reapplied for the next run.

RESULTS
Concentration of HuMAbs in ascites fluid and in concentrated cell culture supernatant. Since the five HuMAbs were
produced at only ng/ml quantities by conventional tissue culture propagation of hybridomas in 75-cm2 flasks, they were
produced as ascites fluid for mouse toxicity and in vitro neutralization assays. The mean concentrations of 5H8, 6G3, 3E9,
2F10, and 5C12 in ascites fluid were 1.8 mg/ml, 308 g/ml, 532
g/ml, 226 g/ml, and 459 g/ml, respectively. For the experiments with piglets, 5C12 was produced as concentrated cell
culture supernatant in CELLine 1000 flasks (BD Biosciences,
Bedford, MA). The mean concentration of 5C12 in cell culture
supernatant was 250 g/ml.
Antibody neutralization of Stx2 in HeLa cells. All HuMAbs
completely neutralized cytotoxicity at the highest concentration of 5 g/ml, except HuMAbs 3E9 and 6G3, which manifested partial neutralization (Fig. 1). Differences in neutralizing efficiency were apparent in all HuMAbs at lower doses. As
Fig. 1 indicates, at 8 ng/ml, 5C12, reactive with the A subunit,
was superior among the five HuMAbs tested, with 40% neutralization of Stx2 cytotoxicity for HeLa cells.
Antibody neutralization of Stx2 in the mouse assay. Although all five HuMAbs were effective at protecting mice
against a lethal dose of Stx2, differences in relative potency
were apparent at the lowest doses of 10 and 5 g/mouse (5C12
⬎ 5H8 ⬎ 6G3 ⫽ 2F10 ⫽ 3E9) (Fig. 2). 5C12, directed against
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Bacteria and toxin. Enterohemorrhagic E. coli O157:H7 strain 86-24, which
produces Stx2, was isolated in 1986 from a patient in Seattle, Washington (44).
Purified Stx2 was obtained as described previously (2).
Stx2-specific HuMAbs. We have previously described the production of 37
hybridomas secreting Stx2-specific HuMAbs (22), from which we selected five
HuMAbs for further evaluation. Three HuMAbs against the A subunit (3E9,
2F10, and 5C12) and two against both the A and the B subunits (5H8 and 6G3)
were selected (22, 42). All five HuMAbs were of the human immunoglobulin
G1() [IgG()] isotype. HuMAbs were used either in the form of mouse ascites
(22) or as concentrated protein-free cell culture media (HyQ ADCF-MAb;
HyClone, Logan, UT) in CELLine 1000 flasks (BD Biosciences, Bedford, MA).
Quantitation of Stx2-specific HuMAbs by enzyme-linked immunosorbent assay. The IgG1() concentration of each HuMAb in mouse ascites fluid and from
CELLine 1000 flasks was measured by enzyme-linked immunosorbent assay.
Briefly, 96-well plates were coated overnight at 4°C with 100 l of the mouse
anti-human  light-chain MAb at 2.5 g/ml. Plates were washed with phosphatebuffered saline–Tween 20 (PBS-T; PBS, 0.05% Tween 20) and blocked with 100
l/well of 2% nonfat dried milk powder in PBS-T at 37°C. Following washing,
samples (ascites fluid or cell culture supernatants or pig serum) diluted 1:10 or
1:100 in PBS-T were diluted serially twofold in duplicate rows of the plate (100
l/well). The human IgG1() (Sigma, St. Louis, MO) standard was similarly
titrated on each plate from a starting concentration of 1 g/ml. The plates were
incubated at 37°C for 1 h and washed again. Horseradish peroxidase-conjugated
goat anti-human IgG (Southern Biotech, Birmingham, AL), which is affinity
purified and cross-adsorbed with human IgA, IgM, and IgD, was added at 100
l/well at a dilution of 1/1,000. Following incubation at 37°C for 1 h and washing,
the plates were developed with substrate solution (0.2% o-phenylenediamine,
0.05% hydrogen peroxide in citric acid-phosphate buffer, pH 5.0). The chromogenic reaction was stopped using 50 l of 2 M sulfuric acid, and the absorbance
was read at 490 nm. Using the linear portion of the IgG1() standard curve, the
total IgG1() content of each HuMAb was determined and expressed as mg or
g of IgG1()/ml.
HeLa cell cytotoxicity neutralization assay. The in vitro HeLa cell cytotoxicity
assay was used to evaluate the efficacy of each HuMAb to neutralize the toxic
effects of Stx2 exerted against HeLa cells. Briefly, HeLa cells were plated at 1.4
⫻ 104/well on 96-well plates in McCoy’s 5A medium (Mediatech, Inc., Herndon,
Va.) containing 10% fetal bovine serum (Harlan Bioproducts for Science, Inc.,
Madison, Wis.) and incubated overnight at 37°C in 5% CO2. Stx2 was titrated on
HeLa cells to determine the concentration that killed ⬃70% of HeLa cells. Dead
cells were removed by washing with PBS, and crystal violet was used to stain
viable cells (14). Stx2 at a dilution that killed ⬃70% of HeLa cells was preincubated with the HuMAbs or Fab fragments at various concentrations for 1 h at
37°C in 5% CO2 and then added to the cells and incubated overnight at 37°C in
5% CO2. Plates were developed by crystal violet staining, and the absorbance
(optical density [OD]) was read at 690 nm. The percent neutralization of Stx2mediated HeLa cell cytotoxicity by the HuMAbs was calculated by the following
formula: [(ODtoxin ⫹ HuMAb ⫺ ODtoxin only)/(ODno toxin ⫺ ODtoxin only)] ⫻ 100,
where the ODs were determined for plates containing toxin and HuMAb, toxin
only, and no toxin.
Mouse toxicity model. The mouse toxicity model (11, 22, 23, 27, 43) was used
to select the most protective among the five HuMAbs against a lethal Stx2 dose
in mice. Dose-response studies were performed with groups of five 3- to 4-weekold, female Swiss Webster mice (Taconic) to determine the amount of Stx2
required to induce 100% mortality in untreated animals. A concentration of 25
ng of Stx2 was sufficient (data not shown). The efficacies of the HuMAbs were
evaluated by administering every Stx2-specific HuMAb intraperitoneally (i.p.) to
each of the five 3- to 4-week-old Swiss Webster mice at a dose of 5, 10, 20, 35,
or 50 g/mouse in 200 l of PBS followed 18 h later by i.p. administration of 62.5
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TABLE 1. Relative affinities of three HuMAbs directed against the
A subunit of Stx2
koff

HuMAb

8.8 ⫻ 10
4.3 ⫻ 10⫺5
1.1 ⫻ 10⫺4

2F10
3E9
5C12

the A subunit of the toxin, was the most effective, protecting all
five mice at the lowest dose of 5 g/mouse. Although less
effective at 5 g/mouse, 5H8, which is directed against the B
subunit, showed results indicating that antibodies against both
toxin subunits are capable of effective neutralization in vivo.
Affinity of the HuMAbs. Affinities of the Stx2 A subunitspecific HuMAbs were in the order of 2F10 ⬎ 3E9 ⬎ 5C12
(Table 1). The HuMAb 2F10 had Stx2-binding kinetics of kon
(association rate) equal to 2.3 ⫻ 105 M⫺1 s⫺1 and koff (dissociation rate) equal to 8.8 ⫻ 10⫺5 s⫺1, giving a Kd of 0.39 nM.
The HuMAbs 3E9 and 5C12 had 1.7- and 2.17-fold higher Kds,
respectively.
Experiments with 5C12 in gnotobiotic piglets. Animals that
either died or became severely ill and were euthanized before
the onset of treatment at 48 h were excluded from this investigation. Piglets received antibody treatment either 24 h (Table
2) or 48 h (Table 3) after bacterial challenge. This was well

Kd (nM)

2.3 ⫻ 10
6.2 ⫻ 104
1.3 ⫻ 105
5

0.39
0.69
0.85

after the onset of diarrhea in all animals but before or at onset
of CNS symptoms. Table 2 shows that treatment with 5C12 at
either 1.5 or 3 mg/kg of body weight administered 24 h after
challenge was protective (78% and 75%, respectively), compared with treatment with the placebo. The placebo for the
3-mg/kg group included an equal dose (3 mg/kg) of an irrelevant human IgG1() given i.p. to eight animals, which showed
that a specific antibody against Stx2 was needed for protection
against challenge with STEC. Because of the expense involved,
all subsequent experiments were performed using PBS as the
placebo.
Table 3 summarizes the dose response of piglets given doses
of 5C12 ranging from 6 mg/kg down to 0.05 mg/kg and challenged 48 h later. When administered 48 h after infection, 6 or
3 mg/kg of 5C12 protected all piglets against fatal systemic
complications. The corresponding mean serum concentrations
of antibody were 16.9 and 11.4 g/ml, respectively. The lowest
protective dose was 0.4 mg/kg, with a corresponding mean
serum concentration of 0.7 g/ml. The doses below 0.4 mg did
not provide reliable protection. The mean survival time of
piglets in the PBS control groups ranged from 3.4 to 4.6 days.
Two of 23 piglets in groups which received ⱖ0.4 mg/kg of 5C12
succumbed (91% survival rate), while 10 of 16 piglets in the
groups which received ⱕ0.2 mg/kg 5C12 succumbed (37% survival rate). The mean survival time of piglets that received
ⱕ0.2 mg/kg 5C12 ranged from 4.0 to 7.0 days (Table 3). When
the results of Tables 2 and 3 are combined, 34 of the 40 animals
(85%) that received ⱖ0.4 mg/kg of 5C12 survived STEC challenge, while only 1 (2.5%) of 39 piglets which the received
placebo of either irrelevant human antibody (8 animals) or
PBS (31 animals) survived.
Clinical observations. Piglets challenged orally with STEC
typically develop profound GI tract symptoms within 2 days,
including diarrhea, anorexia, depression, dehydration, and
moderate but rapid loss of body weight. To avoid mortalities

TABLE 2. Survival of piglets treated i.p. with 5C12 antibody or
control after oral challenge with STEC 86-24, an Stx2 producera
Treatment
type

FIG. 2. Percent survival of mice given i.p. 50, 35, 20, 10, or 5 g of
HuMAbs 3E9, 2F10, 5C12, 5H8, or 6G3 followed 18 h later with i.p.
administration of a 250% lethal dose of Stx2. Mice in PBS and IgG1()
control groups died within 3 days of Stx2 injection. All HuMAbs
protected mice but showed dose dependency except 5C12, which protected 100% of the mice even at the lowest dose administered (5
g/mouse).

Antibody
concn (mg/kg)

Total no.
of piglets

No. (%) of
surviving pigletsb

Serum IgG1()
concn (g/ml)c

5C12
IgG1
PBS

3
3
0

9
8
2

7 (78)
0 (0)
1 (50)

4.4 ⫾ 1.0
9.2 ⫾ 2.5
0

5C12
PBS

1.5
0

8
7

6 (75)
0 (0)

3.1 ⫾ 1.8
0

a
Irrelevant human IgG() or PBS was used as the control. Challenge was with
1010 CFU of STEC 86-24.
b
Piglets were either euthanized due to severe CNS-related illness or found
dead.
c
Results reflect the concentration in serum of the human IgG1() isotype,
which is the isotype of 5C12. Values are means ⫾ standard deviations.
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FIG. 1. Neutralization of Stx2-mediated HeLa cell cytotoxicity by
Stx2-specific HuMAbs. All Stx2-specific HuMAbs neutralized Stx2 at
the highest concentration of 5 g/ml and showed dose dependency.
The HuMAb 5C12 was the best neutralizing HuMAb as it neutralized
cytotoxicity by about 40% at the lowest tested concentration (8 ng/ml).

kon
⫺5
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TABLE 3. Survival of piglets orally challenged with 1010 CFU of
STEC 86-24 followed by i.p. administration of PBS (placebo) or
5C12 antibody at 48 h after bacterial challenge

Treatment

Dose
(mg/kg)

Total
no. of
piglets

No. (%) of
surviving
pigletsa

Days of survival
after infection
(mean ⫾ SD)b

Serum
IgG1()
concn (g/
ml)c

6
0

8
7

8 (100)
0 (0)

4.6 (⫾1.9)

16.9 ⫾ 7.4
0

5C12
Placebo

3
0

4
3

4 (100)
0 (0)

4.6 (⫾0.6)

11.4 ⫾ 1.2
0

5C12
Placebo

0.75
0

6
5

5 (83)
0

3.0
3.4 (⫾0.5)

2.0 ⫾ 1.2
0

5C12
Placebo

0.4
0

5
7

4 (80)
0

4.0
3.4 (⫾0.5)

0.7 ⫾ 0.5

5C12
Placebo

0.2
0

5
6

1 (20)
0

4.0 (⫾1.4)
3.5 (⫾0.8)

0.6 ⫾ 0.1

5C12
Placebo

0.1
0

7
8

4 (57)
0

7.0 (⫾3.4)
4.2 (⫾1.7)

0.18 ⫾ 0.04

5C12
Placebo

0.05
0

4
8

1 (25)
0

7.0 (⫾3.4)
4.2 (⫾1.7)

0.07 ⫾ 0.03

a
Piglets that did not survive either died overnight or were euthanized due to
severe illness.
b
Data for surviving piglets in the 5C12 group who were euthanized at the end
of the experimental period (7 to 14 days) are included. Data for the piglets who
were euthanized or died in the 5C12 group at another time are not included.
c
Results reflect the concentration in serum of the human IgG1() isotype,
which is the isotype of 5C12. Values are means ⫾ standard deviations.

due to dehydration, all piglets received supplemental fluid
therapy at and subsequent to the onset of diarrhea. Of the 83
piglets (Table 3) which had received the antibody or placebo at
48 h after bacterial challenge, 38 developed GI tract symptoms
within 24 to 26 h, and all 83 developed them within 40 h of
infection. This shows that all animals had serious GI tract
symptoms that required rehydration well before the onset of
antibody therapy at 48 h. As expected, while parenteral administration of Stx2 antibody had a major impact on animal survival, it had no effect on the severity of the GI tract symptoms
(Table 4).
Typically, all piglets challenged with STEC develop diarrhea
and other GI tract symptoms due to an intimate attachment of

TABLE 4. Dose response in piglets orally challenged with 1010
CFU of STEC strain 86-24 and treated 48 h later with 5C12
antibody or placeboa
Total no. of piglets (no. of piglets euthanizedb or found
dead) with diarrhea onset at:
Treatment

16–28 h
0.05–0.2

0.4–6.0

0.05–0.2

9 (0)
12 (12)

6 (4)
11 (11)

14 (2)
10 (10)

10 (6)
11 (11)

0.4–6.0

5C12
PBS

29–40 h

c

a
All 83 animals developed diarrhea 8 to 32 h before treatment. The time of
onset of diarrhea had no impact on the outcome of treatment, nor did antibody
therapy improve the severity of the GI tract symptoms (see text).
b
Severely ill animals were euthanized.
c
Dose of 5C12 antibody in milligrams/kilogram.

DISCUSSION
The HuMAb 5C12 was the most effective among the five
HuMAbs selected for initial characterization in cell culture
and in the mouse toxicity assay, as shown in the present study.
The lowest protective dose when administered 48 h after bacterial challenge or 8 to 32 h after the onset of diarrhea was 0.4
mg/kg of body weight. Doses below 0.4 mg/kg protected some
of the animals, indicating that many factors impact the degree
of protection observed, including the rate of bacterial colonization and toxin uptake from the gut and the individual genetic
variation among outbred animals, among others. Antibody
5C12 was also shown previously to have the widest spectrum of
neutralizing activity against Stx2 variants. In these studies,
5C12 protected mice for up to 48 h after oral challenge with
STEC strains producing Stx2c, Stx2vha, and Stx2vhb (42).
HUS occurs in 5 to 10% of children with STEC infections,
resulting in 5 to 10% of deaths due to renal failure and other
complications, including neurological ones (50). In earlier
studies using the piglet model of STEC, we showed that fatal
systemic complications occurred in 90% of animals challenged
with the Stx2 producer strain 86-24 (4). In the present study,
the mortality rate among the control piglets was close to 100%
(1 of 61 survived). Diarrhea in these piglets occurred between
16 and 40 h after bacterial challenge, and fatal systemic complications occurred within 48 to 96 h after challenge. Both
results are consistent with earlier observations (4). In those
earlier reports, we described protection of piglets either with
five Stx2-specific HuMAbs given i.p. at 12 h (22) or with swine
polyclonal antibodies given at 24 h (3) after STEC challenge.
The current study demonstrated that piglets are still fully protected when the interval between bacterial challenge and an-
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5C12
Placebo

bacteria to the mucosal surfaces of the terminal ileum and the
entire large bowel, which include the colon and cecum. The
nature, distribution, and extent of the mucosal lesions in gnotobiotic piglets induced by STEC strain 86-24 were consistent
with those amply described in the past by our group (4, 47, 49)
and by others (7).
Of the 83 animals whose results are given in Table 3, 16 were
found dead in the morning; of these, none were among the
piglets which received ⱖ0.4 mg/kg of antibody, and only 3 were
among those which received a lower dose of 5C12. Among the
23 which received ⱖ0.4 mg/kg of antibody, only 2 were euthanized due to systemic complications (one had neurological
symptoms, and another was comatose). In contrast, 18 of the
30 euthanized animals which received the placebo developed
typical fatal neurological symptoms of ataxia, paddling, headpressing, and recumbency. The remaining 12 placebo-treated
animals were comatose when they were first observed. These
neurological symptoms are accompanied histologically by cerebellar vascular lesions of petechial hemorrhages in the molecular and cortex layers, with evidence of infarction and extensive shrinkage of the neuronal nuclei, as previously
described in some detail (4, 47, 49).
Eleven of the surviving antibody-treated animals, kept alive
for 14 days after bacterial challenge, continued to have diarrhea but at a reduced intensity after 6 days. They became more
alert and very active and gained weight but continued to excrete strain E. coli 86-24 in their feces until euthanasia.

VOL. 73, 2005

4611

tralizing mechanism of HuMAbs directed against the B subunit, on the other hand, is most likely blocking of the binding
of Stx2 with Gb3.
For affinity measurements of HuMAbs, we preferred capturing the antibody onto the amine-coupled rabbit anti-human
IgG Fc over coupling a HuMAb directly onto the chip because
the former gives a more uniform and natural orientation since
the two Fab arms of every HuMAb are free to interact with the
Stx2. Also, since the antibody was reapplied after each run, it
was not subjected to regeneration conditions, which are detrimental over time. Lastly, the capture antibody/HuMAb complex remained stable over the duration of each run and thus
did not affect evaluation. Though this method was well suited
for affinity measurements of anti-Stx2 A subunit antibodies
(2F10, 3E9, and 5C12), it could not measure affinities of the
Stx2 B subunit-specific antibodies accurately, because the B
subunit is pentameric and therefore pentavalent and can potentially bind with more than one antibody molecule on the
chip, producing an avidity effect. For this reason, we have only
reported affinity data for the A-subunit binders. It will not be
easy to perform affinity measurement studies on B-subunit
binders because the recombinant monomeric subunit polymerizes even in the absence of the A subunit.
The observation that a dose of 0.4 mg/kg administered 48 h
after bacterial challenge protected piglets suggests that the
5C12-based therapy is more than likely to protect children not
only when they present with bloody diarrhea but possibly also
when the antibody is given at the onset of HUS. Therefore, the
time window of 48 h for immunotherapeutic intervention has
direct implications for children at risk of developing HUS, e.g.,
those presenting with bloody diarrhea or excreting STEC or
for contact individuals. The development of rapid and sensitive
methods has made it possible to detect STEC infection almost
a week before symptoms of HUS become apparent (31, 32).
Adoption of these methods by clinics for diagnosis would
greatly benefit immunotherapy. Clinical diagnosis is currently
limited to the detection of E. coli O157. Since the serum level
of 0.7 g/ml of 5C12 was measured at the time of euthanasia,
some 7 to 14 days after antibody therapy, it is well below the
expected protective serum level. While not determined, the
protective serum level can be extrapolated from half-life studies. An accurate serum protective level should be measured 4
to 6 h after antibody administration.
Stx2 is the most prevalent genotype identified in STEC organisms isolated from patients with HUS (7, 38, 50). Stx2c and
Stx1, in contrast, are infrequently linked with HUS (7), and
Stx2 variants other than Stx2c are rarely linked with HUS (12,
30, 36, 46). Given that STEC can produce any combination of
Stx1, Stx2, and/or Stx2c (7), an ideal therapeutic formulation
should, in our view, include antibodies that can neutralize all
three. Since 5C12 neutralizes Stx2 and Stx2c, the addition of an
antibody against Stx1 to 5C12 will provide the widest spectrum
of protection against HUS. We have previously reported the
production of several neutralizing Stx1-specific HuMAbs evaluated in the mouse toxicity model (23). Such an antibody could
be included in future formulations.
In this model, it was possible to reverse the impact of the GI
tract symptoms in most piglets by assisted oral feeding and
parenteral rehydration. In the current investigation, we made
no attempt to reverse the development of systemic complica-
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tibody administration is extended from 12 to 48 h. This is
significant since it shows that the administration of 5C12 antibody occurred well after the onset of diarrhea and close to the
onset of CNS symptoms. CNS symptoms in piglets are manifestations of the systemic impact of Stx2 uptake from the gut
and correspond to the onset of HUS in children. While piglets
do not develop the acute kidney lesions attributed to Stx2,
which is the hallmark of HUS, they do develop characteristic,
vascular system-mediated brain lesions which result in profound and fatal CNS symptoms. Despite this difference, we
believe that the piglet model offers several advantages over the
infected mouse model. The pathogenic pathways as they relate
to Stx2 are similar in humans and pigs, as outlined previously
in some detail (50). This is particularly relevant to systemic
therapy, since the mechanisms and dynamics of toxin uptake
from a severely injured colonic mucosa by attaching-effacing
bacteria are the same for both species (50). Consequently, a
circulating human antibody that is effective in neutralizing Stx2
in piglets is likely to be even more effective in the homologous
human species. The relevance of this model is substantiated
further because (i) piglets are the only species in addition to
humans that are naturally susceptible to the systemic effects of
Stx produced by E. coli organisms that proliferate in the gastrointestinal tract (17, 18); (ii) piglets exhibit upon infection
with STEC characteristic attaching-effacing lesions in the colonic mucosa (33, 48), which are absent in mice (15); (iii)
piglets and humans develop symptoms of diarrhea following
infection with STEC, symptoms that the mouse model lacks;
(iv) piglets are anatomically and physiologically similar to infants and children; and (v) after the onset of diarrhea, there is
a prodromal period in children of 5 to 7 days before the onset
of HUS and of about 2 to 3 days in piglets before the onset of
CNS symptoms (3, 22, 50). We have utilized this window between the onset of diarrhea and the onset of systemic complications in our study because this is the most likely time in
which children with bloody diarrhea will be seeking medical
intervention. This study showed that piglets were protected
when the antibody was administered well after the onset of
diarrhea, close to the onset of systemic complications.
Not surprisingly, the parenteral administration of Stx2 antibody had no effect on the severity or duration of the GI tract
symptoms. The 11 antibody-treated animals, while fully protected against systemic complications, continued to have diarrhea and excrete strain 86-24 for at least 14 days. They did not
require rehydration therapy 8 to 10 days after bacterial challenge.
The results of the in vivo efficacy studies, however, did not
correlate with the results of the affinity measurement studies in
which the rank order was 2F10 ⬎ 3E9 ⬎ 5C12. This suggests
that 5C12 is either directed against an epitope which is more
important for functional activity of the toxin or directed more
specifically against the “functionally active site” of Stx2 than
the epitopes recognized by the other HuMabs. Since 5C12 is
directed against the A subunit, it may either inhibit binding of
B subunits with Gb3 by stearic hindrance or neutralize its
protein synthesis-blocking effect following internalization of
the 5C12/Stx2 complex. A clear understanding of the mechanism by which A subunit-specific antibodies neutralize Stx2 in
vivo awaits studies on the mechanism of Stx2 neutralization by
these HuMAbs and epitope mapping studies. The likely neu-
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tions. All treated animals were given 5C12 antibody before the
development of such symptoms. Our approach was intended to
mimic the protection of children who may benefit from treatment when they present between the onset of bloody diarrhea
and just before hospitalization due to HUS. We do not believe
that an antibody is capable of reversing the process of HUS. It
may, however, modify the outcome if given early enough. Studies to address this aspect will be conducted with piglets in the
future.
In conclusion, our study on the Stx2-specific HuMAb 5C12,
which also effectively neutralizes Stx2 variants (42), protected
piglets against fatal CNS symptoms, even when the antibody
was administered 48 h after bacterial challenge. The minimum
protective dose was established at 0.4 mg/kg body weight. We
are confident that this antibody, administered at an optimal
dose (to be determined in human volunteers) and given immediately after the onset of bloody diarrhea, to patients with
confirmed cases of STEC infection, or after exposure to
sources contaminated with STEC, will be equally effective in
protecting children at risk for developing HUS.

INFECT. IMMUN.

VOL. 73, 2005

Editor: J. D. Clements

48.

49.

50.
51.
52.
53.

54.

55.

4613

Escherichia coli O157:H7 in humans and gnotobiotic piglets. J. Clin. Pathol.
41:1099–1103.
Tzipori, S., R. Gibson, and J. Montanaro. 1989. Nature and distribution of
mucosal lesions associated with enteropathogenic and enterohemorrhagic
Escherichia coli in piglets and the role of plasmid-mediated factors. Infect.
Immun. 57:1142–1150.
Tzipori, S., F. Gunzer, M. S. Donnenberg, L. de Montigny, J. B. Kaper, and
A. Donohue-Rolfe. 1995. The role of the eaeA gene in diarrhea and neurological complications in a gnotobiotic piglet model of enterohemorrhagic
Escherichia coli infection. Infect. Immun. 63:3621–3627.
Tzipori, S., A. Sheoran, D. Akiyoshi, A. Donohue-Rolfe, and H. Trachtman.
2004. Antibody therapy in the management of Shiga toxin-induced hemolytic
uremic syndrome. Clin. Microbiol. Rev. 17:926–941.
Waddell, T., A. Cohen, and C. A. Lingwood. 1990. Induction of verotoxin
sensitivity in receptor-deficient cell lines using the receptor glycolipid globotriosylceramide. Proc. Natl. Acad. Sci. USA 87:7898–7901.
Wadolkowski, E. A., J. A. Burris, and A. D. O’Brien. 1990. Mouse model for
colonization and disease caused by enterohemorrhagic Escherichia coli
O157:H7. Infect. Immun. 58:2438–2445.
Wadolkowski, E. A., L. M. Sung, J. A. Burris, J. E. Samuel, and A. D.
O’Brien. 1990. Acute renal tubular necrosis and death of mice orally infected
with Escherichia coli strains that produce Shiga-like toxin type II. Infect.
Immun. 58:3959–3965.
Weinstein, D. L., M. P. Jackson, J. E. Samuel, R. K. Holmes, and A. D.
O’Brien. 1988. Cloning and sequencing of a Shiga-like toxin type II variant
from Escherichia coli strain responsible for edema disease of swine. J. Bacteriol. 170:4223–4230.
Yamagami, S., M. Motoki, T. Kimura, H. Izumi, T. Takeda, Y. Katsuura,
and Y. Matsumoto. 2001. Efficacy of postinfection treatment with anti-Shiga
toxin (Stx) 2 humanized monoclonal antibody TMA-15 in mice lethally
challenged with Stx-producing Escherichia coli. J. Infect. Dis. 184:738–742.

Downloaded from http://iai.asm.org/ on October 18, 2019 by guest

38. Russmann, H., H. Schmidt, J. Heesemann, A. Caprioli, and H. Karch. 1994.
Variants of Shiga-like toxin II constitute a major toxin component in Escherichia coli O157 strains from patients with haemolytic uraemic syndrome.
J. Med. Microbiol. 40:338–343.
39. Sandvig, K., and B. van Deurs. 1996. Endocytosis, intracellular transport,
and cytotoxic action of Shiga toxin and ricin. Physiol. Rev. 76:949–966.
40. Schmidt, H., J. Scheef, S. Morabito, A. Caprioli, L. H. Wieler, and H. Karch.
2000. A new Shiga toxin 2 variant (Stx2f) from Escherichia coli isolated from
pigeons. Appl. Environ. Microbiol. 66:1205–1208.
41. Schmitt, C. K., M. L. McKee, and A. D. O’Brien. 1991. Two copies of
Shiga-like toxin II-related genes common in enterohemorrhagic Escherichia
coli strains are responsible for the antigenic heterogeneity of the O157:H⫺
strain E32511. Infect. Immun. 59:1065–1073.
42. Sheoran, A. S., S. Chapman, P. Singh, A. Donohue-Rolfe, and S. Tzipori.
2003. Stx2-specific human monoclonal antibodies protect mice against lethal
infection with Escherichia coli expressing Stx2 variants. Infect. Immun. 71:
3125–3130.
43. Strockbine, N. A., L. R. Marques, R. K. Holmes, and A. D. O’Brien. 1985.
Characterization of monoclonal antibodies against Shiga-like toxin from
Escherichia coli. Infect. Immun. 50:695–700.
44. Tarr, P. I., M. A. Neill, C. R. Clausen, J. W. Newland, R. J. Neill, and S. L.
Moseley. 1989. Genotypic variation in pathogenic Escherichia coli O157:H7
isolated from patients in Washington, 1984–1987. J. Infect. Dis. 159:344–347.
45. Tesh, V. L., J. A. Burris, J. W. Owens, V. M. Gordon, E. A. Wadolkowski,
A. D. O’Brien, and J. E. Samuel. 1993. Comparison of the relative toxicities
of Shiga-like toxins type I and type II for mice. Infect. Immun. 61:3392–3402.
46. Thomas, A., T. Cheasty, H. Chart, and B. Rowe. 1994. Isolation of Vero
cytotoxin-producing Escherichia coli serotypes O9ab:H- and O101:H-carrying VT2 variant gene sequences from a patient with haemolytic uraemic
syndrome. Eur. J. Clin. Microbiol. Infect. Dis. 13:1074–1076.
47. Tzipori, S., C. W. Chow, and H. R. Powell. 1988. Cerebral infection with

HUMAN Stx2 ANTIBODY AND HUS

