










FIG 2 ESI-Q-TOF MS and MS/MS analysis of O145-AcrA and O121-AcrA glycoproteins. (A) MS/MS analysis of the O145-AcrA glycopeptide ATFENASKDFN
(glycan)R. HexNAc, N-acetylhexosamine; FucNAm, 2-acetimidoylamino-2,6-dideoxygalactose; Neu5Ac, sialic acid. (B) MS/MS analysis of the O121-AcrA glycopep-
tide DFN(glycan)R. The spectra are shown with full peptide (M
H) and fragmentation derivatives (M 
 glycan) or glycan fragments. HexNAc, N-acetylhexosamine;
GalNAcA, N-acetyl galacturonic acid; QuiNAcGly, terminal N-acetylglycyl-quinovosamine.
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confluent growth zone. Finally, category 3 included patients with
a clinical diagnosis of HUS or BD without laboratory confirma-
tion either by stool culture, FFStx, or stx gene detection.

All samples obtained from patients with other infectious dis-
eases (category 1, n � 14), including a sample obtained from a
patient with diarrhea caused by a STEC serogroup O103 strain
(see Table S2 in the supplemental material, patient 1), were sero-
logically negative by the three glyco-iELISAs, confirming that the
glycoprotein antigens are highly specific (Fig. 6). An analysis of the
serum samples obtained from the patients included in category 2
(n � 13) showed that 92.3% of the samples were serologically
positive by the glyco-iELISAs (53.8% O157, 30.8% O145, and
7.7% O121) (Fig. 6). Among these patients, five had a positive
result by stool culture and, in all cases, the serogroup of the iso-
lated STEC strain matched the serogroup identified by the glyco-
iELISA (see Table S2, patients 15, 20, 24, 25, and 26). Only one of
the samples included in this category, which was obtained from a
culture-negative HUS patient with positive detection of stx1/stx2

genes by PCR from the confluent growth zone, was negative by
serology (see Table S2, patient 22). In category 3 (n � 44), 79.5%
of the samples were positive by the glyco-iELISAs (Fig. 6). Of
these, 56.8% were positive for O157, 15.9% for O145, and 2.3%
for O121 (Fig. 6). Interestingly, in all the samples included in this
single-blind study, specific IgM and IgG responses were detected,
indicating a recent infection; even more, in two of these samples
(see Table S2, patients 17 and 42), only a specific IgM response was
detected. Additionally, two samples (4.5%) were serologically
positive for O157 and O145, indicating a possible coinfection with

both serotypes (see Table S2, patients 3 and 48). In categories 2
and 3, 7.7% (one sample) and 20.5% (nine samples, of which three
came from the same patient) of the samples were negative by the
glyco-iELISAs (Fig. 6; see also Table S2). Finally, we attempted to
isolate the bacterium from stored stool samples by immunomag-
netic separation (IMS) from 14 samples of categories 2 and 3 (see
Table S2). IMS was performed using magnetic beads functional-
ized with specific antibodies against the serogroup previously
identified by the glyco-iELISAs. In five of these samples (see Table
S2, patients 17, 18, 19, 33, and 36), we were able to confirm the
diagnosis by isolation of an STEC strain of the expected sero-
group.

Taken together, these results demonstrate that the recombi-
nant glycoprotein antigens developed in this work improve the
diagnosis of HUS caused by the O157, O145, and O121 STEC
serogroups.

DISCUSSION

Early and accurate diagnosis of STEC infections after the onset of
diarrhea continues to challenge clinicians due to the small number
of cases confirmed by bacterial isolation and/or toxin detection.
However, it has been demonstrated that the detection of anti-E.
coli O157 LPS antibodies in combination with stool culture con-
siderably improves diagnosis (10, 11, 15, 18). For these reasons,
and since one of the most immunodominant STEC antigens is the
O-polysaccharide section of the LPS, we decided to explore the
application of the recombinant glycoproteins O157-AcrA, O145-

FIG 3 Western blot analysis of serum samples obtained from patients with HUS and from healthy children. We analyzed serum samples obtained from patients�8 years
of age with a clinical diagnosis of HUS and a stool culture positive for STEC O157:H7, O145:NM, or O121:H19, as well as negative-control samples obtained from healthy
children of the same age group. Bound antibodies were detected using HRP-conjugated goat anti-human total Ig antibodies. The samples O157-1, O145-1, O121-1, and
NEG-1 were used as positive and negative controls in the glyco-iELISAs. The position of the molecular mass standards (in kDa) is indicated on the left.
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AcrA, and O121-AcrA as serogroup-specific antigens for the sero-
logical diagnosis of STEC-associated HUS.

In the present work, O157-AcrA, O145-AcrA, and O121-AcrA
antigens were produced by bacterial glycoengineering technology
and characterized by immunoblotting and mass spectrometry.

The glycoproteins, but not the nonglycosylated form of AcrA,
were recognized by specific antisera against each serogroup, and
the mass spectra of O145-AcrA and O121-AcrA indicated that the
structure of the sugar linked to the carrier protein in each case has
the expected structure. To evaluate if these glycoproteins can be

FIG 4 Dot plot analysis of glyco-iELISAs results. Microtiter plates coated with O157-AcrA, O145-AcrA, or O121-AcrA were incubated with serum samples
obtained from culture-positive HUS patients (POS) for STEC O157 (A), O145 (B), and O121 (C), respectively. Serum samples from healthy children of the same
age group were included as negative-control samples (NEG). Bound antibodies were detected using HRP-conjugated anti-human total Ig, IgM, or IgG
antibodies. The results are expressed as the percentage of reactivity of the positive-control serum included in each assay run. The numbers in parentheses indicate
the number of serum samples analyzed for each group. The mean and standard deviation for each group are indicated. The dashed lines indicate the cutoff value
of each assay, calculated as the mean plus three standard deviations of the reactivity values of the negative samples. ***, P � 0.0001, Mann-Whitney test.
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used as antigens for the diagnosis of STEC infection in children,
serum samples obtained from culture-positive HUS patients with
STEC O157, O145, and O121 and from healthy individuals were
analyzed by immunoblotting. Using this analysis, we were able to
demonstrate that the detected antibody response was specifically
directed toward the O-polysaccharide moiety of the glycoproteins
and that the antigens are specific for each STEC serogroup. In
addition, the strong reaction of the sera from HUS patients versus
the low background of the negative-control samples suggested the
strong potential of these antigens for diagnosis. In order to evalu-
ate this, indirect O157-AcrA, O145-AcrA, and O121-AcrA glyco-
iELISAs were developed, and a complete panel of serum samples
obtained from culture-positive and culture-negative HUS pa-
tients, as well as from healthy individuals, was analyzed. Our re-
sults demonstrated that using these antigens, it was possible to
clearly discriminate between infected patients with the STEC
O157, O145, or O121 serogroups and healthy children, and they
confirmed the serospecificities of these antigens. Interestingly, a
specific IgM response was detected in almost all of the analyzed
samples, indicating that is possible to detect the infection even at
the early stages of the disease. To further assess if the developed
glyco-iELISAs can aid in the diagnosis of STEC-associated HUS, a
retrospective single-blind study was carried out, which included
samples obtained from culture-positive and culture-negative pa-
tients with HUS or BD and from patients with other infectious

FIG 6 Retrospective single-blind study. A panel of 71 coded serum samples
obtained from children under 8 years of age were analyzed blindly by IgM, IgG
and total Ig glyco-iELISAs and classified as positive or negative for each sero-
type based on the cutoff values previously established for these assays (see
Table S1). Three patient categories were considered for the analysis. Category
1, patients with other infectious diseases; category 2, patients with diagnosis of
HUS or BD with confirmed STEC association by positive isolation of the bac-
terium from stools, FFStx detection by specific cytotoxicity on Vero cells or stx
genes detection by PCR from the confluent zone of growth; and category 3,
patients with diagnosis of HUS or BD wherein the association of the disease
with STEC infection was not confirmed either by stool culture, FFStx or stx
genes detection (see Table S2). n, indicates the number of patients included in
each category.

FIG 5 Analysis of serum samples obtained from culture-negative toxin-negative HUS patients representing a panel of 14 serum samples obtained from children
with a clinical diagnosis of HUS in which the microbiological and Shiga toxin diagnosis were negative. (A) Glyco-iELISA analysis. Microtiter plates coated with
O157-AcrA or O145-AcrA were incubated with the indicated serum samples. Bound antibodies were detected using HRP-conjugated goat anti-human total Ig
antibodies. Samples O157-1 and O145-1 were used as positive controls (POS) and Neg-1 as a negative control (NEG) (see Fig. 3). Error bars indicate the standard
deviations for duplicate determinations. (B) Western blot analysis of the indicated serum samples. Bound antibodies were detected using HRP-conjugated goat
anti-human total Ig antibodies. The position of molecular mass standards (in kDa) is indicated on the left. Immunoblotting was performed with all the samples;
only the analysis of four representative samples is shown.
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diseases. Using this analysis, we confirmed that the glycoprotein
antigens are highly specific, even with serum samples from chil-
dren with other infectious diseases, including one case of diarrhea
caused by a STEC strain of the serotype O103:H2. More than 90%
of the samples obtained from HUS or BD patients with confirmed
STEC association were serologically positive by the glyco-iELISAs
and, in all cases, the identified serotype by glyco-iELISAs was in
accordance with the serotype of the isolated strain, demonstrating
the value of these antigens not only for diagnosis but also for
serotyping. Additionally, 79.5% of the samples obtained from pa-
tients with no confirmed association of the disease to STEC were
positive by the glyco-iELISAs, indicating that these tests can im-
prove diagnosis of the disease even in HUS patients for whom
bacterial isolation and Shiga toxin detection failed. Interestingly,
we were able to confirm the diagnosis in five of these patients by
immunoconcentration using magnetic beads functionalized with
specific antibodies against the serogroup previously identified by
the glyco-iELISAs, and by plating. These results indicate that glyco-
iELISAs, due to their serospecificities, are useful not only for detec-
tion of the infection but also for guiding the subsequent steps to
confirm diagnosis. Finally, the negative results obtained by the glyco-
iELISAs (7.7% in category 2 and 20.5% in category 3) can be ex-
plained either by low sensitivity of the glyco-iELISAs, infection with
STEC serogroups different from O157, O145, and O121, or degrada-
tion of antibodies, as some of these samples were collected as early as
2005. Even more, the group of HUS patients with no confirmed
STEC association (category 3) may include some cases of atypical
HUS (not associated with STEC infection), explaining why isolation,
Shiga toxin detection, and serology were negative. This considered, it
is important to highlight that all samples from the HUS patients with
confirmed STEC infection by isolation of either the O157, O145, or
O121 serogroups were positive by the corresponding glyco-iELISA,
indicating the high sensitivity of the method.

The recombinant glycoproteins O157-AcrA, O145-AcrA, and
O121-AcrA were produced in E. coli coexpressing PglB, AcrA-His
tag and the cluster of genes required for the synthesis of the cor-
responding O polysaccharide. The resulting glycoproteins were
purified in one step and in large quantities from cultures of non-
pathogenic E. coli. The glycoengineering method overcomes many
of the inherent disadvantages of the chemical traditional methods
used for the production of such glycoconjugates (20). With this
technology, there is no need to purify the acceptor protein and
LPS separately, and no chemical treatments are required for iso-
lation of the O polysaccharide from the LPS. Additionally, no
chemical cross-linking of the carbohydrate to the protein is re-
quired, which allows the production of the conjugates with a de-
fined and reproducible sugar pattern, since the length of the O
polysaccharide and the glycosylation process are controlled in
vivo. Therefore, this system may improve the reproducibility of
the assay, allowing the production of homogeneous and standard-
ized batches of antigen. Finally, due to its versatility, this bacterial
glycosylation system can be seen as a toolbox for engineering a
catalogue of novel and different serotype-specific O-polysaccha-
ride–protein conjugates. In Argentina, the dominant STEC sero-
type isolated from HUS patients is O157:H7 (74.8%), followed by
O145:NM (6.9%), O145:HNT (2.3%), O121:H19 (2.3%), ONT:
HNT (2.3%), and O20:H19, O26:H11, O91:NM, O103:HNT,
O111:NM, O171:HNT, ONT:H12, ONT:H19, and ONT:NM
(1.2% for each) (6). Hence, with the glycoproteins developed in
this work, we are able to cover �85% of the STEC-associated HUS

cases. However, due to the great versatility of our technology, it
should be very simple to expand this panel of antigens to detect
other serogroups currently important for the disease in our coun-
try and other parts of the world, such as the O26, O103, O111, and
O45 serogroups included in the “big six” non-O157 STEC sero-
groups (together with O145 and O121) (5), as well as to quickly
develop new antigens for emerging STEC serogroups (e.g., the
O104:H4 outbreak that occurred in Germany in the year 2011),
allowing a timely response in case of an outbreak and an improve-
ment in control measures.

Currently, serological tests for the diagnosis of STEC-associated
HUS use whole bacteria, bacterial extracts containing high concen-
trations of LPS, or purified LPS as antigens (10, 11, 15–17). Conse-
quently, these tests may lack serospecificity due to the presence of
cross-reactive antibodies against common epitopes present in the
core polysaccharide and lipid A of LPS shared by different STEC se-
rotypes. Additionally, they may result in false-positive reactions due
to epitopes shared by STEC and other bacteria. Instead, the recombi-
nant glycoproteins O157-AcrA, O145-AcrA, and O121-AcrA are se-
rogroup specific, and no cross-reactivity among the three glycopro-
teins was observed by either immunoblot or glyco-iELISAs. This
serospecificity may be due to the fact that only the O polysaccharide,
the outer moiety of LPS, is coupled to the carrier protein. Therefore,
glyco-based assays may be more specific than currently used serolog-
ical tests, and due to their serospecificity, they might be valuable lab-
oratory tools not only for diagnosis but also for studying the distri-
bution of STEC serogroups for epidemiological purposes.

Studies of the clinical course of E coli O157:H7 infections in
children indicate that the time between the ingestion of a contam-
inated vehicle and the onset of diarrhea ranges between 2 and 12
days (4, 33). Typically, E coli O157:H7 infections cause 1 to 3 days
of nonbloody diarrhea, after which the diarrhea becomes bloody
(34). The bloody diarrhea, which occurs in about 90% of cases, is
generally the sign that prompts patients or their families to seek
medical attention, but in some cases, the onset of HUS appears not
to be preceded by bloody diarrhea (4). Independently of the oc-
currence of this sign, the presence of high anti-LPS antibody titers
has been demonstrated to be concomitant with the beginning of
the symptoms (16). In this regard, we have observed strong posi-
tive IgM and IgG responses against the corresponding O polysac-
charide in samples obtained only 2 days after the onset of symp-
toms (see Table S2 in the supplemental material, patients 25 and
52). Furthermore, in two samples, only a specific IgM response
was detected (see Table S2, patients 17 and 42). Further work will
be required to evaluate the usefulness of the recombinant glyco-
proteins for the early diagnosis of STEC infections, especially dur-
ing the diarrheal phase and before the toxin-mediated vascular
injury begins (2, 35). The development of a rapid and early diag-
nostic technique for STEC-associated HUS could become an ef-
fective tool to avoid delays in starting a supportive or, in the case it
become available, specific treatment for this disease.
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