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Ninety-five household contacts (aged 2 months to 73 years) of patients with enteropathic hemolytic-uremic
syndrome (HUS) were investigated for the presence of immunoglobulin (Ig) G antibodies to Shiga toxins Stx2
and Stx1 by Western blot assay. Thirty-one percent of the household contacts and 19% of 327 controls had
anti-Stx2 IgG (heavy and light chain [H ⴙ L]), 5 and 8%, respectively, had anti-Stx1 IgG (H ⴙ L), and 3 and
2%, respectively, had both anti-Stx2 and anti-Stx1 IgG (H ⴙ L). The incidence of infections with Stx-producing
Escherichia coli (STEC) was determined based on the following diagnostic criteria: STEC isolation, detection
of stx gene sequences, free fecal Stx in stool filtrates, and serum IgM antibodies against E. coli O157
lipopolysaccharide. Evidence of STEC infection was observed in 25 household contacts, of whom 18 (72%) were
asymptomatic and represented a potential source of infection. Six of 13 (46%) household contacts with
Stx2-producing E. coli O157:H7 in stool culture developed anti-Stx2 IgG (H ⴙ L), compared to 71% of
Stx2-associated HUS cases. In individuals showing anti-Stx2 IgG (H ⴙ L), the antibody response was directed
against the B subunit in 69% of household contacts and 71% of controls, in contrast to 28% of HUS patients.
In this investigation controls had a significant increase of the median of IgM antibodies to O157 lipopolysaccharide (LPS) with age, up to the fifth decade. The lack of disease in household contacts with B subunit-specific
antibodies, as well as the significantly higher median of anti-O157 LPS IgM antibodies in controls beyond 4.9
years of age, suggests a protective role for anti-Stx and anti-O157 LPS antibodies.
yield an enzymatically active A1 fragment of ⬇27.5 kDa and
noncovalently linked, five identical receptor-binding B subunits (⬇7.5 kDa) (29, 37). The A and B subunits of each Stx
type can be differentiated by specific immune sera.
Few investigators have addressed the prevalence of anti-Stx
antibodies in patients and in healthy (control) populations
using sensitive assays, and none have examined persons with
mild STEC infections. In HUS patients, the frequency of neutralizing antibodies to Stx1 ranged from 9% in Germany (6) to
20% in the United States (2). Control populations showed a
frequency of Stx1 neutralizing antibodies of 2.5% in Germany
(6), and 10.6% in the United States (2). The detection of
Stx1-neutralizing antibodies correlated well with the detection
of immunoglobulin (Ig) G (heavy and light chain [H ⫹ L])
antibodies to Stx1, measured by an enzyme-linked immunosorbent assay (ELISA) (30). More recently, Reymond et al. demonstrated that the Western blot assay (WBA) detected IgG (H
⫹ L) antibodies against Stx1 with greater specificity and sensitivity than the Stx-neutralizing antibody assay and ELISA
(43).
The STEC-induced immune response to Stx2 is still poorly
understood. Several investigators showed that serum samples
of virtually all HUS patients and controls neutralized Stx2 in

The enteropathic form of hemolytic-uremic syndrome (HUS)
is of growing public health importance. Worldwide, outbreaks
and sporadic cases of infections with Shiga toxin (Stx)-producing Escherichia coli (STEC) O157 and non-O157 strains are
increasing (9, 14, 17, 25, 33, 59). STEC infections can be
asymptomatic or present as diarrhea, hemorrhagic colitis, or
HUS (26, 27, 29, 32, 38, 45).
Human STEC strains produce Stx1, Stx2, or Stx2 variants
alone or in combination (29, 55). All members of the Stx
protein family are structurally and functionally closely related.
They consist of the A subunit (⬇32 kDa), which is cleaved by
the mammalian, membrane-anchored protease furin (15) to
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FIG. 1. Age distribution of controls (C; n ⫽ 327) and household
contacts (H; n ⫽ 95) showing no antibody response or IgG (H ⫹ L)
against Stx2 and/or Stx1.

MATERIALS AND METHODS
Subjects studied. (i) HUS patients. The diagnosis of HUS was based on the
presence of microangiopathic hemolytic anemia (hemoglobin ⬍ 10 g/dl) with
thrombocytopenia (platelets ⬍ 150/nl) and acute nephropathy (serum creatinine
above the upper limit for age) according to the criteria of Fong et al. (13). HUS
patients were 0.3 to 14.8 years old {median, 3.5 years; mean, 3.9 ⫾ 2.9 years [1
standard deviation (SD)]}. Patients were treated at the Department of Pediatrics
of the University Hospital of Hamburg (n ⫽ 19) between 1991 and 1997 and the
University Children’s Hospital of Erlangen-Nürnberg (n ⫽ 7) between 1993 and
1994. Some data concerning some of these patients and household contacts have
been published previously (34, 35; K. Ludwig, H. Ruder, H. D. Rott, and H.
Karch, letter, Lancet 347:196-197, 1996).
(ii) Household contacts. Household contacts were defined as persons who
lived in the same household or visited the family frequently around the time of
the diarrhea of the index child. The 95 household contacts (one to eight individuals per index case), aged 2 months to 73 years (median, 32 years; mean, 31
⫾ 19 years [1 SD]) agreed to participate in the study. The age distribution of
household contacts is provided in Fig. 1. Household contacts were identified as
parents (n ⫽ 46; 25 mothers, 21 fathers), siblings (n ⫽ 25; 14 male, 11 female),
grandparents (n ⫽ 16; 10 female, 6 male), other relatives (n ⫽ 5; 2 uncles and 3
cousins), playmates (n ⫽ 2), and 1 child-minder. All household contacts were
enrolled within the first week after admission of the index cases to the hospital,
including 61 enrolled within the first 48 h.
(iii) Controls. Controls representing the regions where the index patients
originated were evaluated: 289 individuals were from Hamburg in northern
Germany, and 38 were from Erlangen in southern Germany (Bavaria). Control
samples were solicited from kindergartens (routine blood samples obtained prior
to hepatitis B immunization) and from the outpatient endocrinology clinic (evaluation for growth disorders). Additional samples were from adult volunteers.
Controls (n ⫽ 327) were 1 month to 77 years old (median, 16 years; mean, 23 ⫾
20 years [1 SD]). The age distribution of the controls is presented in Fig. 1. None
of the controls had known kidney disease or recent diarrhea or was related to an
HUS case.
Sera used in the study. All blood samples were drawn with the informed
consent of parents and participants in accordance with the ethical guidelines of
the Children’s Hospital of the University Hospital of Hamburg-Eppendorf and
Erlangen. Samples were separated directly, and sera were stored at ⫺20°C until
use. Sera were investigated for IgG antibodies, heavy- and light-chain specific (H
⫹ L), against Stx2 and Stx1 and for IgM antibodies against E. coli O157 LPS
antibodies.
(i) HUS patients. Overall 137 serum samples from 26 patients with enteropathic HUS were evaluated. The first serum sample of each patient (n ⫽ 26) was
taken at the time of admission, which corresponded to 1 to 13 days (median, 7
days) and 0 to 8 days (median, 1 day) after the onset of diarrhea and after the
clinical diagnosis of HUS, respectively. Follow-up serum samples (n ⫽ 111) were
taken up to 12 months after the onset of diarrhea and HUS.
(ii) Household contacts. The first serum sample was drawn 0 to 6 days (median, 1 day; mean, 1.8 ⫾ 1.7 [1 SD]) after the index case was admitted to the
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vitro (6, 8). Stx2 but not Stx1 appears to be neutralized by
nonimmune factors, such as the high-density lipoprotein fraction in serum (8). In order to circumvent this nonspecific neutralization, we used Western blotting technology to detect IgG
(H ⫹ L) antibodies to Stx2 and demonstrated that 71% of
children with Stx2-associated E. coli infection in Germany exhibit anti-Stx2 IgG (H ⫹ L) antibodies, compared to 10% of
the age-matched control group (35). Furthermore, 85% of the
anti-Stx2-reactive patient sera recognized the A subunit and
15% recognized the B subunit of Stx2. In contrast, 45% of the
reactive control samples recognized the Stx2 A and 55% recognized the Stx2 B subunit (35). The reason for this difference
is not yet clear.
The major sources of food-borne STEC infections are undercooked ground beef and unpasteurized milk (17). However,
frequently STEC infections and HUS cannot be linked to particular foods or recognized outbreaks. It is increasingly appreciated that person-to-person transmission plays an important
role in institutional settings such as hospitals (29), nursing
homes (10, 39), and day care centers (3, 41, 53) and among
family members (28, 34). In fact, person-to-person transmission may be more important than contaminated food in sporadic enteropathic HUS (49). However, rates of STEC transmission and resultant illness are largely unknown.
One way to estimate the spreading of STEC infections is to
investigate household contacts for STEC shedding. Because
the detection of fecal STEC excretion is often limited to a
short period of time (22, 56), household contacts can also be
monitored for the appearance of antibodies to Stx or STECspecific antigens. Previous studies attempting to isolate STEC
and to detect an immune response among family members and
other household contacts of HUS patients showed varied results. For example, in Argentina 42% of healthy household
contacts of HUS patients showed Stx1-neutralizing antibodies
(31), while in the Netherlands only 4% of the healthy household contacts had Stx1-neutralizing antibodies (58). Although
the vast majority of prototypic E. coli O157:H7 and E. coli
O157:H⫺ isolates produce Stx2, alone or in combination with
Stx2c (37), there are no data available about the frequency of
anti-Stx2 antibodies in household contacts of HUS patients.
STEC O157 induces an O-group-specific immune response
that has been successfully used diagnostically (6, 11). Due to
the diversity of STEC serotypes, however, the usefulness is
limited where other serotypes prevail (9, 33, 54). We hypothesized that use of the WBA, especially for the detection of
antibodies to Stx2, will improve the identification of infected
family members of children with enteropathic HUS. We further hypothesized that the anti-Stx antibody profile differs in
patients with HUS, diarrhea, and asymptomatic STEC infections. The objectives of this study therefore were (i) to investigate the frequency of STEC infections in household contacts
of HUS patients using STEC isolation and stx genotyping, free
Stx (FStx) in stool filtrates, and E. coli O157 lipopolysaccharide
(LPS) IgM antibodies in serum samples; (ii) to investigate the
prevalence of antibodies to Stx2 and to Stx1 by WBA in index
cases with HUS, household contacts, and age-stratified controls; and (iii) to compare the presence of serum antibodies to
the A and B subunits of Stx2 and Stx1 in symptomatic (HUS
and diarrhea) and asymptomatic individuals.
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samples were tested at least twice. Known positive and negative serum samples
were run with each assay as controls.
To establish the sensitivity and specificity of the ELISA, homologous antiO157 LPS and heterologous non-O157 LPS rabbit immune sera were run on
each plate. Selected serum samples, especially those with a weak antibody response by ELISA, were also subjected to immunoblotting using O157 LPS as
antigen as previously described (5). A serum sample was considered positive
when the A405 value exceeded the mean plus 3 SD of the appropriate controls.
Based on the evaluation of the 15 HUS patients harboring E. coli O157 in stool
culture and the 327 controls used in this study, the O157 LPS IgM ELISA
demonstrated a sensitivity of 100% (15 of 15) and a specificity of 98.5% by using
a cutoff of 3 SD above the mean of the controls. Previous studies have shown that
breakpoints derived in a manner similar to ours are highly sensitive and specific
for diagnosing recent E. coli infection (5, 16, 42).
Shiga toxin preparation and purification. Stx2 was purified from the E. coli
strain R82(pJES) 120DH5␣ (kindly provided by J. E. Samuel, Department of
Medical Microbiology and Immunology, College of Medicine, Texas A & M
University, College Station, Tex.), and Stx1 was purified from JB28, an E. coli
TB1 strain transformed by recombinant plasmid pUC19B containing the stx1
genes cloned from bacteriophage H19B (21, 44) (kindly provided by J. L. Brunton, University of Toronto, Toronto, Ontario, Canada) using sequential column
chromatography (hydroxylapatite, chromatofocusing, and cibachron blue) as
previously described (19, 35, 40). The Shiga toxin was resolved into its A and B
subunits by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDSPAGE). The 27-kDa band next to the A subunit is referred to as the A1 fragment
(37). No protein contaminants were detected on the silver-stained SDS-PAGE
(36), as shown previously (35).
WBA to detect IgG (H ⴙ L) against Stx2 and Stx1. The WBA was adapted
from the method of Towbin et al. (57). A standard concentration of 25 g of Stx2
and Stx1 was separated on an SDS-PAGE gel using 9% stacking and 15%
separating gels and electroblotted onto polyvinylidene difluoride (PVDF) membranes (Bio-Rad Laboratories, Hercules, Calif.) as recently described for Stx1
(35, 43). Membranes were cut into strips and blocked with 50 mM Tris-buffered
saline (TBS; pH 7.4) containing 6% skim milk and 12% goat serum for Stx2 and
5% skim milk and 10% goat serum for Stx1 (35). Blots were incubated with
diluted serum samples (human serum, 1:100, and immune rabbit serum 1:10,000)
in TBS (containing 1% skim milk and 4% goat serum for Stx2 and 1% skim milk
and 2% goat serum for Stx1) and developed for bound IgG (H ⫹ L) exactly as
described using a chemiluminescent detection system (ECL; Amersham, Little
Chalfont, United Kingdom). Each serum was tested at least twice. Blots were
interpreted in a blinded fashion. A serum was considered positive by showing an
anti-Stx2 and/or anti-Stx1 IgG (H ⫹ L) antibody response to at least one of the
following: the A subunit, the A1 fragment, or the B subunit. To establish the
specificity of the WBA, sera from rabbits immunized with Stx2 or Stx1 toxoids
prepared by glutaraldehyde treatment were used (4, 35, 44).
Statistical methods. The chi-square test, if necessary with Bonferroni correction, Fisher’s exact test, Levene test, Kruskal-Wallis test, the Mann-Whitney U
test, the t test, and the LeRoy test were used as indicated. Statistical testing was
performed using SPSS version 10.0 (SPSS, Inc., Chicago, Ill.) on a standard
personal computer.

RESULTS
Clinical data. (i) HUS patients. Twenty-five of 26 HUS
patients presented with diarrhea that was hemorrhagic in 22
cases. One patient presented with abdominal pain, nausea, and
vomiting but no diarrhea. This patient showed STEC O157:H7
in stool culture and anti-O57 IgM antibodies in serum samples.
(ii) Household contacts. Ten of 95 (10.5%) household contacts (3 parents, 6 siblings, and 1 playmate) related to five index
cases (19%; one to five family members per index case) had
watery diarrhea. None had bloody diarrhea. The onset of diarrhea in household contacts preceded the onset of diarrhea in
the index case in three instances by up to 7 days and followed
the index case in seven instances as late as 28 days (median, 1
day after the onset of diarrhea of the index case). Three symptomatic siblings of two index patients developed a hemolytic
anemia, associated with a thrombocytopenia in one case.
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hospital. Sixty-one follow-up samples collected 2 to 5 weeks later were available
from 32 household contacts.
(iii) Controls. Single serum samples from each control (n ⫽ 327) were drawn
during the same time period as the patients’ and household contacts’ samples.
Stool studies. All stool samples of HUS patients from Hamburg were investigated for bacterial enteric pathogens, including Campylobacter, Shigella, Salmonella, and Yersinia spp., enteropathogenic and enterohemorrhagic E. coli, and
rotavirus and adenovirus in the University Hospital of Hamburg (Institut für
Medizinische Mikrobiologie und Immunologie, Universitätsklinikum HamburgEppendorf, Universität Hamburg, Hamburg, Germany). Additionally, all stool
samples from all 26 HUS patients and 95 household contacts were investigated
for STEC in a reference laboratory (Institut für Hygiene und Mikrobiologie der
Universität Würzburg, Würzburg, Germany), as outlined below.
Stool specimens from HUS patients were collected 1 to 13 days (median, 7
days) after the onset of diarrhea, which corresponded to 0 to 8 days (median, 1
day) after the clinical diagnosis of HUS. Stool specimens from household contacts were collected within the first week (range, 0 to 7 days; median, 1 day) after
admission of the HUS patient to the hospital, which corresponded to 3 to 20 days
(median, 9 days) after the onset of diarrhea of the index case. The majority of
stool samples (61 of 95) were collected within the first 48 h, after the index case
had been admitted.
STEC isolation and stx genotyping. All stool samples were examined for
STEC, including E. coli O157, and traditional enteropathogenic E. coli. STEC of
serogroup O157 were isolated using sorbitol-MacConkey agar and immunomagnetic separation as described previously (23). Sorbitol-negative colonies from
sorbitol-MacConkey agar plates were confirmed biochemically as E. coli and
tested for the presence of O157 antigen using a latex slide agglutination test
(Oxoid, Wesel, Germany). To detect non-O157 STEC strains, bacterial growths
from sorbitol-MacConkey agar were harvested into 1 ml of saline and screened
for stx1 and stx2 gene sequences as described previously (24). To identify STEC
strains from PCR-positive stool samples, 100 to 200 separate colonies were
subjected to colony blot hybridization using digoxigenin-labeled DNA probes
derived from strains C600 (H19J) and C600 (933W) using primer pairs KS7/KS8
for stx1 B (51) and GK3/GK4 for stx2 B and stx2c B (18, 24). Isolated STEC strains
were serotyped as described previously (1). stx genotypes were determined using
the above primer pairs (18, 24, 51). Differentiation of stx2 and stx2c genes was
performed by restriction endonuclease analysis using HaeIII and FokI as described by Rüssmann et al. (50). Pulsed-field gel electrophoresis of genomic
DNA was carried out according to the protocol of Böhm and Karch (7).
FStx. Stool filtrates from all HUS patients and household contacts were
investigated for the presence of free fecal cytotoxicity using Vero cell monolayers
as described by Karmali et al. (26).
E. coli O157 LPS ELISA and O157 LPS immunoblotting. All serum samples
were tested for IgM antibodies against E. coli O157 LPS using ELISA methodology as previously described (6). First, breakpoints for the E. coli O157 LPS IgM
ELISA for different age groups were established using serum samples from a
total of 438 controls (healthy adult volunteers and children from the outpatient
department at the University Children’s Hospital Hamburg, who were evaluated
for tall or small stature, as well as children from kindergartens with routine blood
samples obtained prior to hepatitis B immunization). They were between 0.1 and
77 years of age and represented all age groups. These controls were divided into
the following age groups: 0.1 to 4.9 years (n ⫽ 116) and 5 to 9.9 years (n ⫽ 63)
for the first decade of life, and the second (n ⫽ 85), third (n ⫽ 51), fourth (n ⫽
48), fifth (n ⫽ 30), sixth (n ⫽ 32), and seventh to eighth (n ⫽ 13) decades of life.
Mean values and standard deviations calculated for each age group of healthy
controls showed the homogeneity of variances (Levene test for variance homogeneity without a significant result).
As the distribution of ELISA readings was skewed with respect to a normal
distribution , nonparametric tests were applied. Examination of the medians of
the respective age groups yielded a significant effect, meaning that at least one of
those groups had a significantly different median (Kruskal-Wallis test, P ⬍ 10⫺4).
Inspection of the A405 values of the respective median A405 values of all age
groups revealed that three strata could be defined: stratum I (0.1 to less than 5
years), stratum II (5 to less than 50 years), and stratum III (50 years and older).
A three-way comparison yielded a statistical significance of P ⬍ 10⫺7. In posttesting, there were significant differences between stratum I and stratum II (P ⬍
10⫺6) and between stratum II and stratum III (P ⬍ 10⫺4). Therefore, different
cutoff levels were defined for the age groups 0.1 to 4.9, 5 to 49, and 50 to 77 years.
In the age group of 0.1 to 4.9 years, the A405 value for IgM ranged from 0.000 to
0.359, and the cutoff (mean ⫹ 3 SD) was calculated to be 0.350.
For the controls in the age groups 5 to 49 years and 50 years and older, the
A405 values for IgM ranged from 0.000 to 0.577 and 0.000 to 0.404, respectively,
and the cutoff levels were calculated as 0.500 and 0.400, respectively. All serum
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TABLE 1. Correlations between stx genotypes, anti-Stx2 and anti-Stx1 immune responses, anti-0157 LPS IgM antibodies, and diarrheaa

Group

HUS patients

Controls

Genotype

14
1
1
1
1

14
1
1
1
1

stx2b
stx2
stx1
stx2 and stx1
stx2 and stx2c

None

8

1

Total

26

19

O157:H7
O157:H7
O103:H2
O156:H27
None
None

6
7
1
1
3
77

6
7
1
1
1

Total

95

16

327

n.d.

O157:H7
O157:H⫺
O26:H n.t.
O111:H n.t.
O165:H⫺

No.

N/A

stx2
stx2b
stx1
stx1
N/A
N/A

Diarrhea

Asymptomatic

IgG against:
Stx2

Stx1

14c
1
1
1
1

9
1

8

6

2

26

16

2

n.d.

1

4
2

7

1

10

IgM against
O157 LPS

14
1

1

6

3

Stx2 and Stx1

1

6
2

21
4
3

1

77

1
22

4

3

9

85

29

5

3

16

327

61

25

8

5

a

Abbreviations: n.t., not typed; N/A, not applicable; n.d., not done.
b
Three patients’ and four household contacts’ isolates from stool samples also harbored the stx2c gene.
c
One patient presented only with abdominal pain, nausea, and vomiting without diarrhea.

STEC isolates. STEC was identified in 18 of 26 (69%) stool
samples from HUS patients. Isolates were serotyped as
O157:H7 (n ⫽ 14), and O157:H⫺, O165:H⫺, O26, and O111
(H types not available), one isolate each (Table 1). The cytotoxic activity of the stool filtrates (FStx) correlated well with
the hybridization results obtained with the stx2- and stx1-specific oligonucleotide probes (Table 1).
STEC isolates from 15 of 95 (16%) household contacts related to seven index cases belonged to three serovars, O157:H7
(n ⫽ 13), O103:H2 (1 case), and O156:H27 (1 case) (Table 1).
The interval between admission of the index case to hospital
and the sampling of STEC-positive stool specimens (n ⫽ 15)
(mean, 2 ⫾ 2.8 days [1 SD]; median, 0 days) and STECnegative samples (n ⫽ 80) (mean, 2.5 ⫾ 2.6 days [1 SD];
median, 1 day) was not significantly different in household
contacts (P ⫽ 0.183; Mann-Whitney U test).
STEC O157:H7 isolates were detected significantly more
frequently in stool samples from siblings (8 of 25) than in stool
samples from parents (3 of 46) (P ⬍ 0.05, significant; Fisher’s
exact test) (Table 2). With the exception of family 7 (Table 3),
stx genotypes were identical in each pair of index case and
household contacts where STEC isolates were available (P ⬍
0.05; chi-square test). Furthermore, the serotype, fermentation
pattern, stx profile (presence of the stx2 gene only), and DNA
fingerprinting restriction pattern (observed with XbaI-digested
genomic DNA) in STEC isolates of two families (Table 3),
including the isolates from one of these index (HUS) cases,
suggested infection by the same strain in each family. The
isolated O157:H7 strains in each family (from HUS patients
and household contacts) had the same virulence factors (they
produced Stx2 or Stx2 and Stx2c, enterohemorrhagic E. coli
hemolysin, and possessed the eaeA genes). There was no epidemiological association between the families.

Six of the 13 household contacts harboring STEC O157:H7
in stool culture had nonbloody diarrhea, while seven patients
with STEC O157:H7 in stool samples were asymptomatic (Table 1). The mother with the STEC O103:H2 isolate had nonbloody diarrhea. The carrier of the STEC O156:H27 isolate
had no clinical symptoms (Table 1). Taken together, STEC
O157 and non-O157 serogroups were isolated in 7 of 10 symptomatic (70%) and in 8 of 85 asymptomatic (9%) household
contacts (P ⬍ 0.0001, highly significant; Fisher’s exact test)
(Table 1).
Detection rates of FStx in stool filtrates from HUS patients
and household contacts are shown in Table 1. Two individuals,
a child with HUS and one sibling, had detectable FStx but no
STEC isolate (Table 1). Overall, the detection of FStx strongly

TABLE 2. Evidence of STEC O157 infection in various categories
of household contacts by stool culture and
anti-O157 LPS IgM antibodies
No. of contacts with:

Household
contact category

No.

O157
isolate

Mothers

25

2

Fathers
Grandparents
Siblings

21
16
25

1

Other relatives
Playmates
Child-minder

5
2
1

1
1

95

13

Total

8

No O157
isolate

Anti-O157
LPS IgM

23
20
16

3

17
5
1

82

5
6
1
1
7
9
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Household contacts

No. of subjects

FStx
(no. of
isolates)

STEC
isolate
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TABLE 3. STEC isolates and genotypes in stool specimens from 15 household contacts in relation to the seven HUS (index) patients
Family
no.

1
2
3
4
5
6
7
a

Household contacts

HUS patients

No. of contacts
with isolate

Serotype

Genotype

Serotype

Genotype

1
3
1
1
2
1
5
1

O157:H7
O157:H7
O157:H7
O156:H27
O157:H7
O157:H7
O157:H7
O103:H2

stx2
stx2 and stx2c
stx2 and stx2c
stx1
stx2
stx2
stx2
stx1

O157:H7
O157:H7
O157:H7

stx2
stx2 and stx2c
stx2 and stx2c

O157:H7
O157:H7
Negative
O157:H7

stx2
stx2
N/Aa
stx2

correlated with the isolation of STEC in HUS patients and in
household contacts (P ⬍ 0.0001, Fisher’s exact test), regardless
of whether individuals carried STEC O157 or non-O157 serotypes and whether they had diarrhea or not (Table 1).
Antibodies to E. coli O157 LPS. (i) HUS patients. Anti-O157
LPS IgM antibodies were detected in serum samples of all 15
HUS (index) patients with E. coli O157 isolates in stool culture, as well as in six of eight HUS patients without STEC
O157 isolate (Table 1). Patients and household contacts whose
stool samples contained STEC belonging to serogroups other
than O157 (n ⫽ 5) did not have antibodies to the O157 LPS
(Table 1).
(ii) Household contacts. Sixteen of 95 (17%) household contacts exhibited anti-E. coli O157 IgM antibodies (Table 1). Of
13 STEC O157:H7-infected household contacts, seven (54%)
had detectable E. coli O157 LPS IgM antibodies (4 of 6 with
diarrhea, as well as 3 of 7 without diarrhea; not significant,
Fisher’s exact test) (Table 1). This contrasts with 100% (15 of
15) anti-O157 LPS IgM positivity in HUS patients. STEC infection of contact persons, symptomatic and asymptomatic,
closely correlated with documented STEC O157 infection of
the index case. Specifically, 22 of 95 household contacts had an
E. coli O157:H7 isolate and/or anti-O157 IgM antibodies (Table 1). All except one were related to nine index cases, all with
documented E. coli O157 infection (by stool culture in eight
cases and by anti-O157 LPS IgM antibodies in one case). On
the other hand, two household contacts and three HUS patients with non-O157 STEC isolates lacked all anti-O157 LPS
antibodies (Table 1). Apparent differences in the frequency of
anti-O157 LPS IgM antibodies in various categories of household contacts (parents, siblings, grandparents, other relatives,
playmates, and child-minder) are detailed in Table 2. The
incidence of anti-O157 LPS IgM was highest in grandparents
and siblings, with 31 and 28%, respectively.
(iii) Controls. Of the 327 controls used in this study, 1.5% (n
⫽ 5) of the control persons exceeded the cutoff level for antiO157 LPS IgM antibodies.
Cumulative evidence of STEC infection in household contacts. A total of 25 of 95 (26%) household contacts had cumulative evidence of STEC O157 or non-O157 STEC infection by
using STEC isolation and stx genotyping, FStx in stool filtrates,
and anti-O157 LPS IgM antibodies in serum samples (Table 1).
Cumulative evidence of STEC O157 or non-O157 infection
was found in one to five household contacts from 42% (11 of
26) of index cases. Altogether, 18 of 25 (72%) infected house-

hold contacts were asymptomatic. Based on all diagnostic criteria as listed above, siblings and grandparents had the highest
rate of STEC infection, with 40% (10 of 25, including one sister
with FStx only) and 37.5% (6 of 16), respectively, followed by
mothers, with 24% (6 of 25), and fathers, with 5% (1 of 21)
(significant; contingency table analysis of two-by-four table; P
⬍ 0.05, chi-square test).
Antibodies to Stx2 and Stx1. The detection rates of serum
antibodies against Stx2 and Stx1 in HUS patients, household
contacts, and healthy controls are shown in Table 1. The age
distribution of anti-Stx2 and anti-Stx1 IgG (H ⫹ L) in controls
and household contacts is provided in Fig. 1.
Twenty of 26 (77%) HUS patients and 37 of 95 (39%)
household contacts had detectable anti-Stx2 and/or anti-Stx1
IgG (H ⫹ L) antibodies, compared with 94 of 327 (29%)
controls (P ⬍ 10⫺5, chi-square test, two-by-three contingency
table) (Table 1).
HUS patients developed antibodies against Stx2 significantly
more often than household contacts and controls {P ⬍ 0.01 for
HUS patients versus household contacts (18 of 26 [69%] versus
32 of 95 [34%], chi-square test with Bonferroni correction) and
P ⬍ 0.05 for household contacts versus controls (32 of 95
[34%] versus 69 of 327 [21%]; chi-square test with Bonferroni
correction)}. No significant differences were observed when
the samples were tested against Stx1, with a frequency of 15%
in HUS patients, 8% in household contacts, and 10% in controls (P ⫽ 0.58, chi-square test; two-by-three table).
The stx genotype of STEC isolates and the individuals’ immune responses revealed that the serum reactivity closely
matched the Stx type of the infective strain (Table 1). In HUS
patients, 12 of 17 cases (71%) suffering from diarrhea after an
infection with Stx2-producing E. coli (Stx2 alone or in combination with Stx1 or Stx2c) showed IgG (H ⫹ L) against Stx2
alone (n ⫽ 10) or against both toxins (n ⫽ 2) (Table 1). In
household contacts, in whom diarrhea was not common, four
of six cases (67%) suffering from diarrhea following an infection with Stx2-producing E. coli showed an anti-Stx2 response
in serum, while only two of seven (29%) household contacts
without diarrhea after an infection with Stx2-producing E. coli
showed an anti-Stx2 IgG (H ⫹ L) response (Table 1). Comparison of the respective two-by-two tables (number with diarrhea versus number with antibody response for household
contacts and for patients, respectively) was performed by the
LeRoy test for comparison of two tables. Formally, significance
was achieved with P ⫽ 0.025. This result can, however, only be
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TABLE 4. Anti-Stx2 and -Stx1 IgG in household contacts with
evidence of STEC infection compared to household
contacts without evidence of STEC infection

Group

Evidence of STEC
infection

No. with IgG
against:
Stx2

Stx1

Stx2 and
Stx1

STEC isolate
FStx only
Anti-O157 LPS
IgM only

15
1
9

6

1

2

1

Total

25

8

2

70

21

3

3

95

29

5

3

Total

interpreted as a trend towards a closer association between
antibody response and diarrhea in patients because this statistical test must be interpreted as approximate, given the small
frequencies of the respective populations. In total, 6 of 13
household contacts with E. coli O157:H7 isolates (harboring
the stx2 gene) in stool culture showed IgG (H ⫹ L) antibodies
against Stx2. Of the two household contacts with E. coli isolates
in stool samples carrying the stx1 gene, one showed detectable
anti-Stx1 IgG (H ⫹ L) in serum (Table 1).
We were interested to know whether differences in the prevalence of anti-Stx antibodies existed between various categories of household contacts, namely, parents, siblings, and more
distant relatives that could be used as surrogate markers for
the exposure to the source of infection and, possibly, for the
relative susceptibility to STEC infections. We estimated the
prevalence of antibodies against Stx2 in different categories of
family members. The prevalence was greatest in grandparents,
with 44% (7 of 16), followed by the parents, including fathers,
with 38% (8 of 21), and mothers, with 32% (8 of 25), and then
siblings, with 28% (7 of 25). However, the analysis of the
contingency table showed no significant result (P ⫽ 0.738,
chi-square test). One of two uncles and one of three cousins
showed anti-Stx2 IgG (H ⫹ L), whereas both playmates and
the child-minder showed no antibody response against Stx2.
Of special interest are the five serum samples showing antiStx1 IgG (H ⫹ L) alone, deriving from mothers in four cases
and from one brother. However, the combined frequency of
anti-Stx2 and anti-Stx1 was higher in mothers, with 48% (12 of
25), and grandparents, with 44% (7 of 16), than in fathers, with
38% (8 of 21), and siblings, with 32% (8 of 25).
Follow-up serum sampling in household contacts showed
only one case of seroconversion, in comparison to HUS patients, among whom seroconversion is quite common (35).
Comparison of household contacts with and without cumulative evidence of STEC infection, according to the criteria
defined above, revealed no difference in the presence of antiStx2 and/or anti-Stx1 IgG (H ⫹ L) per WBA (Table 4).
Antibodies against the A and/or B subunit of Stx2 and Stx1
in HUS patients, household contacts, and controls. The differences in the immune response pattern to the A and B
subunits of Stx2 and Stx1 are summarized in Table 5. The age

TABLE 5. Immune response to the A and B subunits of Stx2 and
Stx1 in patients with HUS, their household contacts, and controls
No. of responders
IgG

Anti-Stx2
A subunit
B subunit
A and B subunits
Total
Anti-Stx1
A subunit
B subunit
A and B subunits
Total
Anti-Stx2 and -Stx1
Both A subunits
Both B subunits
Mixeda
Mixedb
Total
a
b

HUS patients
(n ⫽ 26)

Household
contacts
(n ⫽ 95)

Controls
(n ⫽ 327)

12
2
2

7
20
2

18
33
10

16

29

61

4
2

1

13
11
1

2

5

25

1

3

2
1
2
3

3

8

1
2

Subunits A and B of Stx2 and subunit A of Stx1.
Subunit B of Stx2 and subunit A of Stx1.
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No evidence of STEC
infection

Evidence

No. of
subjects

distribution of an antibody response to the A and/or B subunit
of Stx2 and Stx1 in household contacts and controls is presented in Fig. 2A for anti-Stx2 and in Fig. 2B for anti-Stx1 IgG
(H ⫹ L).
A representative Western blot is shown in Fig. 3, demonstrating the anti-Stx antibody response in a HUS patient, family members, and controls. Analysis of the frequency of antibodies against Stx2 revealed that IgG (H ⫹ L) against the B
subunit of anti-Stx2 was found in household contacts (22 of 32,
including two samples reacting with both the A and B subunits)
and in controls (49 of 69, including 12 samples reacting with
the A and B subunits of Stx2) more frequently than in HUS
patients (5 of 18, including three samples with IgG [H ⫹ L]
against the A and B subunits), not significant for household
contacts versus controls, but significant for household contacts
versus HUS patients (P ⬍ 0.05, Bonferroni-corrected chisquare test) (Table 5).
The age distribution of household contacts and controls
showing IgG (H ⫹ L) against the A or B subunit of Stx2 and
Stx1 or no antibody response is shown in Fig. 1.
It can be stated that there was no significant age difference
between the household contacts and controls with an antibody
response against the A or B subunit of Stx2 and/or Stx1. The
median age of household contacts showing antibodies against
the A subunit of Stx2 and/or Stx1 in serum samples (n ⫽ 17)
was 27 years (median; range, 1.8 to 63 years). The age of
household contacts having detectable antibodies against the B
subunit of Stx2 and/or Stx1 (n ⫽ 23) was 36 years (median;
range, 2.4 to 70 years) (no significant difference; Mann-Whitney U test). Controls showing anti-Stx2 and/or anti-Stx1 IgG
(H ⫹ L) to the A subunit (n ⫽ 49) were 27 years (median;
range, 3.8 to 60 years) and those showing antibodies to the B
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subunit of Stx2 and/or Stx1 (n ⫽ 61) were 31 years of age
(median; range, 0.9 to 77 years) (not significant).
DISCUSSION
This is the first study to integrate microbiological and serological data, using a more sensitive assay than the commonly
employed Stx neutralization test or ELISA (30, 42) for investigating household contacts of HUS patients. Importantly,
since most HUS-associated, clinically relevant STEC isolates
produce Stx2, but—at least in Europe—rarely Stx1, searching
for the presence of Stx2-specific antibodies is highly relevant. It
has been previously proposed that existing anti-Stx antibodies
decrease the risk of HUS. For example, Karmali et al. previously reported that none of four symptomatic individuals (one
with HUS, three with diarrhea) after infection with an Stx1producing E. coli O111 during a farm visit showed neutralizing
antibodies against Stx1, while all of seven asymptomatic relatives living on the farm had demonstrable neutralizing antibodies against Stx1 (30). The same investigators also showed
that the prevalence of Stx1-neutralizing antibodies was significantly greater in a rural (42%) than among an urban population (7%) in Ontario (42). In the present study, 32% (27 of 85)
of asymptomatic household contacts exhibited anti-Stx2 IgG
(H ⫹ L), suggestive of previous exposure to an Stx2-producing
organism.
The true rate of infection of household contacts is unknown
and probably underestimated in this and other comparable
studies, since stool samples were not repeatedly examined after
and—perhaps as important—before a family member developed HUS and came to medical attention (20, 31).
Several studies in recent years reported person-to-person
transmission of STEC O157 in institutional settings such as
nursing homes, hospitals, and day care centers, and also among
family members (3, 28, 34, 41, 48, 53). There are no data
available about the frequency of anti-Stx2 and anti-Stx1 antibodies in persons in close household contact with HUS patients. We have recently shown that most patients with HUS
mount an IgG (H ⫹ L) antibody response to Stx2, detectable
by WBA (35). Western blotting affords increased sensitivity

and specificity compared with traditional neutralization and
toxin-based enzyme immunoassays (16, 30, 35, 42, 43).
In the present study we used the WBA with Stx2 and Stx1 as
antigens to establish the prevalence of anti-Stx2 and anti-Stx1
IgG (H ⫹ L) antibodies in household contacts of HUS patients
and in age-stratified healthy controls. We compared the pattern of anti-Stx antibodies to those of the index cases with HUS
and the stx genotypes of the isolated STEC strains.
By using a combination of isolation and molecular and serological techniques, we found that 26% (25 of 95) of household contacts had evidence of STEC infection. Individuals
were considered to have STEC infection when they fulfilled

FIG. 3. Western blot of serum samples from a child with enteropathic HUS and the child’s family members and controls using Stx2 as
the antigen. Lane 1, blot strip of the PVDF membrane stained with
Coomassie blue, showing the A subunit, the A1 fragment, and the B
subunit. Lanes 2, 3, 8, and 9 represent human control sera. Lane 2,
nonreactive; lane 3, reactive against the A and B subunits; lanes 8 and
9, same control serum reactive against the B subunit of Stx2 at the
standard dilution of 1:100 (lane 8) and at a dilution of 1:10,000 (lane
9). Lane 4, Western blot of a 4-year-old patient with enteropathic HUS
(reactive against the A subunit of Stx2). Western blots of family members of the patient (lanes 5 to 7, 10, and 11). Lane 5, serum from the
2-year-old brother of the HUS patient (reactive against the A and B
subunits of Stx2); lane 6, serum from the 5-year-old brother (nonreactive); and lanes 7, 10, and 11, serum from the 7-year-old brother,
11-year-old sister, and the mother of the patient with HUS (all reactive
against the B subunit of Stx2).
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FIG. 2. Age distribution of household contacts (H) and controls (C) showing no antibody response or IgG (H ⫹ L) against the A and/or B
subunit of Stx2 (A) and Stx1 (B).
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O-specific polysaccharide and the R3 core, and it seems likely
that the increase in median IgM titers to the O157 LPS among
controls above 5 years of age reflects, in part, recent exposure
to organisms with R3 cores (12). This suggests that anti-O157
LPS antibodies might have a protective role in age groups who
are commonly not affected by extraintestinal STEC complications like HUS (12). As part of a future study, it would be
interesting to separately measure the O antigen and R3 core
responses in these individuals.
Other investigators postulated that a primary exposure to
STEC is insufficient to stimulate a detectable antibody response to Stx1 and/or Stx2 in many HUS patients (43; T.
Takeda, H. Nakao, T. Yamanaka, T. Igarashi, Y. Takeda, and
N. Kobayashi, letter, J. Infect. 27:211-213, 1993). Reymond et
al. suggested that the failure to develop anti-Stx antibodies
renders an individual susceptible to reinfection. This may explain why the same persons may have a second STEC infection,
as reported in a few instances (47, 52; T. D. Piscione, M. A.
Karmali, D. Stephens, R. Donckerwolcke, P. I. Tarr, E. Harvey, and G. S. Arbus. Abstr. 3rd Int. Symp. Workshop Shiga
Toxin [Verocytotoxin]-Producing E. coli Infect., abstr. 213/I,
1997).
Recently we reported that 71% of children with HUS due to
Stx2-producing E. coli strains develop an anti-Stx2-directed
immune response (35). In this investigation the frequency of an
anti-Stx2 response following infection by Stx2-producing E.
coli O157 or non-O157 strains was 12 of 17 (71%) in HUS
patients and 6 of 13 (46%) in household contacts (Table 1).
However, four of six with diarrhea and two of seven asymptomatic household contacts with Stx2-producing E. coli infection developed anti-Stx2 IgG (H ⫹ L). The results of the
present study clearly show that the overall frequency of antiStx2 response is highest in HUS patients (69%) and higher in
household contacts (34%) than in controls (21%).
The peak age incidence of STEC infection, with its complications such as HUS, is in early childhood and in the elderly
(10, 17, 29, 38, 48), suggesting that there might develop an
age-related increase in immunity. This is supported by the fact
of anti-Stx2 and -Stx1 IgG (H ⫹ L) with the lowest frequency
in controls in early childhood (0.1 to 4.9 years) with 11%, an
increase in subsequent age groups, and a peak of 59% (26 of
44) in the third decade of life (Fig. 1). However, in the control
group aged from 60 to 79 years, 38% had detectable anti-Stx2
IgG (H ⫹ L), although HUS also affects the elderly population
(10, 29). In previous studies it was shown that immunization of
laboratory animals with Stx1 B subunit protects them against
systemic challenge with Stx1 or Shiga toxin (4). Furthermore
we could show that immunization of rabbits with Stx2 toxoid
provides protection against challenge not only by Stx2 but also
by Stx1, although neutralizing antibody titers were elevated for
Stx2 and not for Stx1 (K. Ludwig, M. A. Karmali, M. Winkler,
and M. Petric. Abstr. 3rd Int. Symp. Workshop Shiga Toxin
[Verocytotoxin]-Producing E. coli Infect., abstr. 163/IV, 1997).
However, even nine household contacts aged from 2 months to
7.6 years without detectable anti-Stx2 or anti-Stx1 IgG (H ⫹ L)
antibodies were asymptomatic, including three siblings with
either Stx2-producing E. coli O157:H7 in stool culture (two
cases) or FStx only (one case).
The observed frequency of antibodies to Stx2 and Stx1 reflects the prevalence of stx2 and stx1 genes in STEC strains
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one or more of the following diagnostic criteria: (i) isolation of
Stx-producing organisms from stool samples (isolation of bacteria and presence of stx genes), (ii) detection of free fecal Stx
and/or stx gene sequences in the absence of an isolate, and (iii)
elevated serum IgM antibodies against E. coli O157 LPS. In
this study, siblings had the highest rate of evidence of STEC
infection, with 40% (10 of 25).
Infected household contacts presented with a spectrum of
symptoms, including asymptomatic excretion, watery diarrhea
(11% of household contacts), hemolytic anemia (2%), and
thrombocytopenia with hemolytic anemia (1%). None developed bloody diarrhea or full-blown HUS. We identified symptomatic household contacts for 5 of 26 HUS patients (19%)
(one to five household contacts per index case). While the
number of HUS patients with infected household contacts
varies in previously reported studies (20, 31, 46), depending on
study design and technique applied, it becomes apparent that
STEC can be carried—and probably transmitted—by asymptomatic persons, albeit only for brief periods of time. This may
explain the “sporadic” nature of childhood HUS, where cases
of diarrhea—if identified—and HUS merely represent the tip
of the iceberg of endemic infection.
The high frequency of FStx in stool samples (39%) observed
by Lopez et al. was not confirmed in our investigation (31). In
our study we found FStx in stool samples of 17% (16 of 95) of
household contacts. However, in 15 of these 16 cases, the
detection of FStx was confirmed by STEC isolates (Table 1).
STEC was isolated significantly more often in symptomatic
(70%) than in asymptomatic household contacts (P ⬍ 0.0001;
Fisher’s exact test). Our results indicate that individuals in
closest contact to the HUS patient (siblings and mothers) were
more likely to become infected with STEC than fathers, grandparents, and other relatives, suggesting once more the importance of person-to-person transmission in the spread of STEC.
For example, 8 of 25 siblings but only 3 of 46 parents showed
detectable STEC O157:H7 isolates in stool specimens (P ⬍
0.05, significant; Fisher’s exact test).
E. coli O157:H7 was isolated in 13 household contacts of six
HUS (index) cases (Table 3), which corresponds to the high
incidence of E. coli O157-specific IgM antibodies in household
contacts, with 17% (16 of 95), whereas only 1.5% (5 of 327) of
controls showed detectable anti-O157 IgM. However, whereas
all 15 HUS patients with E. coli O157 isolates developed measurable anti-O157 LPS IgM antibodies, only 54% of household
contacts with E. coli O157 in stool culture developed anti-O157
LPS antibodies (four of six with nonbloody diarrhea and three
of seven asymptomatic household contacts). This did not correspond to the study of Heuvelink et al., who found a significant correlation for the presence of serum IgM class antibodies
against O157 LPS to (bloody) diarrhea in household contacts
(20).
Interestingly, in our study 9 of 80 (11%) household contacts
without an isolate had detectable anti-O157 LPS antibodies,
although all nine were asymptomatic, but they derived, all
except one, from E. coli O157-associated HUS (index) cases.
This reflects the recent exposure of these individuals to E. coli
O157, and suggests that these household contacts may have
been the source of the organism for the HUS patients, or
become colonized from them (34). However, the anti-O157
LPS antibody response represents a sum of responses to the
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detectable anti-Stx2 (Table 1).
The IgG (H ⫹ L) antibody used in this study detected not
only IgG but also, potentially, IgM and IgA. It is likely, however, that among the symptomatic household contacts and the
patients with HUS, we are dealing with IgM and IgG; in the
control group, all of whom were asymptomatic, we are dealing
with IgG. Nevertheless, focusing on the high frequency of
anti-Stx2 and -Stx1 antibodies in selected age groups of household contacts and controls, future studies are necessary to
differentiate between recent and previous infection.
As previously reported and confirmed in this study, STEC
infections can be entirely asymptomatic. Moreover, asymptomatic infection can induce a detectable immune response to E.
coli LPS as well as to Stx, albeit less frequently than in symptomatic infections, especially with HUS. Asymptomatic STEC
infection in household contacts represents a potential source
of infection via person-to-person transmission. This supports
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members and other household contacts to prevent spreading
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The lack of disease in household contacts with B subunitspecific antibodies, as well as the significantly higher median of
anti-O157 LPS IgM antibodies in controls (n ⫽ 438) beyond
4.9 years of age, suggests a protective role for anti-Stx B subunit and anti-O157 LPS antibodies. If confirmed, active immunization against Stx2 and E. coli O157 LPS may be feasible and
effective.
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