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Background: Shiga toxin-producing Escherichia coli (STEC) is a foodborne
pathogen that causes gastrointestinal infections, ranging from acute diarrhea
and dysentery to life-threatening diseases such as Hemolytic Uremic Syndrome.
Currently, a vaccine to prevent STEC infection is an unmet medical need.

Results: We developed a chimeric protein-based vaccine targeting seven
virulence factors of STEC, including the Stx2B subunit, Tir, Intimin, EspA, Cah,
OmpT, and AggA proteins. Immunization of mice with this vaccine candidate
elicited significant humoral and cellular immune responses against STEC. High
levels of specific IgG antibodies were found in the serum and feces of immunized
mice. However, specific IgA antibodies were not detected in either serum or
feces. Furthermore, a significantly higher percentage of antigen-specific CD4+ T
cells producing IFN-y, IL-4, and IL-17 was observed in the spleens of immunized
mice. Notably, the immunized mice showed decreased shedding of STEC O157:
H7 and STEC O91:H21 strains and were protected against weight loss during
experimental infection. Additionally, infection with the STEC O91:H21 strain
resulted in kidney damage in control unimmunized mice; however, the extent
of damage was slightly lower in immunized mice. Our findings suggest that IgG
antibodies induced by this vaccine candidate may have a role in inhibiting
bacterial adhesion and complement-mediated kKilling.
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Conclusion: This study provides evidence that IgG responses are involved in the
host defense against STEC. However, our results do not rule out that other
classes of antibodies also participate in the protection against this pathogen.
Additional work is needed to improve the protection conferred by our vaccine
candidate and to elucidate the relevant immune responses that lead to complete
protection against this pathogen.
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Introduction

Shiga toxin-producing Escherichia coli (STEC) are a group of
foodborne pathogens that cause diarrhea and dysentery. In some
cases, these infections can lead to more severe and potentially
deadly complications, such as Hemolytic Uremic Syndrome
(HUS), mainly in children under 5 years old and the elderly (1).

STEC is commonly found in the intestines of ruminant animals,
such as cattle and sheep, and can contaminate food products derived
from these animals (2). Through the fecal excretion of these animals,
STEC can contaminate other food products such as vegetables, fruits,
and water sources. As a result, STEC outbreaks are associated with
contaminated food, affecting public health and the food industry (3).

Globally, O157:H7 is the most common serotype of STEC
associated with cases of HUS. The main virulence factor of STEC
is the Shiga toxin (Stx). During infection, this toxin can spread
systemically and cause damage to the kidneys and central nervous
system, leading to HUS (4).

Adhesion and colonization of the intestine are key steps in STEC
infection. A group of STEC strains, formerly called enterohemorrhagic
E. coli (EHEC), harbor the pathogenicity island (PAI) called Locus of
Enterocyte Effacement (LEE) (5). These strains are currently called
LEE-positive STEC to differentiate them from other STEC strains that
lack LEE (LEE-negative) (6). One of the genes located in the LEE PAT is
the eae gene, which encodes Intimin, a non-fimbrial adhesin
considered the main factor mediating the adherence of these bacteria
(7). Additionally, the LEE PAI encodes the type three secretion system
(T3SS), which facilitates the translocation of multiple proteins into the
enterocytes. These proteins include the translocated intimin receptor
(Tir) and other virulence factors that induce architectural and
physiological changes in the intestinal epithelial cells through signal
transduction mechanisms (1, 8). Adhesion mediated by the LEE PAI
results in the attaching and effacement (A/E) lesion, characterized by a
rearrangement of the cytoskeleton and the production of a pedestal-
like structure at the site of bacterial attachment. This leads to the loss of
intestinal microvilli, inflammation, and diarrhea (9-11). The LEE PAI
is also carried by enteropathogenic E. coli (EPEC) and the murine
pathogen Citrobacter rodentium, thus these bacteria known as “A/
E pathogens.”

Studying the pathogenesis of STEC infection in human
volunteers is not possible due to the risk developing HUS and
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dying. Ruminants do not develop diseases due to colonization by
this bacterium. Although laboratory animals such as rabbits and
mice have been used as models of STEC infection, none of them
fully reproduces the symptoms and diseases observed in humans
(12, 13). However, the streptomycin-treated mouse model is widely
used for studying the virulence and colonization of different STEC
strains. In this model, streptomycin is administered to mice through
water before and during the infection, which reduces the intestinal
microbiota and facilitates STEC colonization by decreasing
competitive exclusion. Depending on the STEC strain, the dose
and the route of inoculation, streptomycin-treated mice may exhibit
renal damage and, in some cases, mortality (14).

Currently, there is no licensed vaccine against STEC for
humans, and vaccines licensed for use in cattle reduce, but do not
eliminate, the colonization and spread of these bacteria (15, 16).
Furthermore, there is a growing interest in developing effective
vaccines against STEC, especially considering the significant burden
of illness and economic cost associated with these infections (16).

Several promising vaccine candidates for STEC have been
developed based on proteins encoded in the LEE PAI (17).
Examples include Tir, Intimin and structural proteins of the
T3SS, such as EspA, EspB, EspD, and EscC (18-26). In addition
to these conventional antigens, there is growing interest in
exploring alternative vaccine approaches that target non-LEE-
encoded antigens. For instance, the subunit B of the Shiga toxin 2
(Stx2B), and outer membrane proteins such as LomW, OmpT, Cah
and Hes have gained attention as potential antigens for vaccine
development (20, 22, 25-29).

The biotechnological revolution, particularly the advancements
in gene synthesis, has opened new doors in the rational design of
more efficient and cost-effective vaccines (30-34). Vaccines that
contain multiple antigens are thought to offer more comprehensive
protection than those with fewer antigens. The rationale behind this
is that vaccines with a wider range of antigens can stimulate a more
varied and diverse immune response, resulting in a more effective
defense against different strains or newly emerging strains of the
target pathogen (35-39). One promising strategy is the use of
chimeric proteins that carry selected epitopes from various strains
or pathogens. This approach has shown the potential to enhance the
immunogenicity of the recombinant antigen and the possibility of
eliciting a broader immune response (28, 32, 39).
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In this study, we developed two chimeric proteins containing
antigenic domains from seven virulence factors of STEC, including
Stx2B, Tir, Intimin, AggA, EspA, Cah, and OmpT proteins. These
chimeric proteins were combined and formulated with the
AddaVax adjuvant (Invivogen, USA). Subsequently, we evaluated
the potential of these chimeras as vaccine candidates against STEC
using the streptomycin-treated mouse model. Overall, our results
show that this vaccine formulation elicited high levels of specific IgG
antibodies and provided partial protection against STEC, including
the LEE-positive O157:H7 and the LEE-negative O91:H21 strains.
These results highlight the potential of chimeric proteins for the
development of new vaccines against bacterial pathogens.

Materials and methods
Bacterial strains and growth conditions

In this study, we used spontaneously derived streptomycin-
resistant (Str’) mutants of STEC O157:H7 86-24 and STEC O91:
H21 V07-4-4 strains, which were obtained from previous studies
(28, 40). Bacterial cultures were routinely grown at 37°C in either
Luria-Bertani (LB) broth (Cat #244620, BD DifcoTM) or Low-
glucose Dulbecco’s modified Eagle medium (DMEM,
HyCloneTM), supplemented with streptomycin as necessary.

Design of chimeric proteins

The design and in silico modeling of chimeric proteins involved
the prediction of B-cell epitopes using several tools available at the
Immune Epitope Database (IEDB) server (41). These tools included
BepiPred 2.0 (42) with a threshold value set at 0.5, and the Kolaskar
and Tongaonker antigenicity method (43) with a threshold value of
1.0 and a window size of 7. Additionally, prediction of peptides
binding to MHC-II molecules was performed using the
NetMHCIIpan 4.1 method (44). For this, a set of seven human
HLA-DR alleles were analyzed: HLA-DRB1*03:01, HLA-
DRB1*07:01, HLA-DRB1*15:01, HLA-DRB3*01:01, HLA-
DRB3*02:02, HLA-DRB4*01:01, HLA-DRB5%01:01. The default
parameter of an epitope length of 15 amino acids was defined.

The predicted three-dimensional structure of Chimera 3 (Chi3)
and Chimera 4 (Chi4) was constructed using RaptorX (45) and
Phyre2 (using intensive modelling mode) (46). The quality
evaluation and validation of the models were performed using
RAMPAGE (47) and PROSA-web (48). The chemical and
physical properties of the chimeric proteins were predicted using
Protein-Sol (49) and ProtParam (50). The modeled structures were
visualized with UCSF Chimera X (51).

Purification and antigenicity of
chimeric proteins

Synthetic genes coding for Chi3 and Chi4 proteins were ordered
from GenScript Biotech (USA). The nucleotide sequences were
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optimized for E. coli expression and cloned into the pET52b(+)
vector (Cat #71554, Novagen®, Merck) with an N-terminal 10xHis-
tag. The ClearColi® BL21(DE3) strain (LGC, Biosearch
Technologies, Hoddesdon, UK) was then transformed with
recombinant plasmids containing synthetic genes. To purify
recombinant proteins, transformant E. coli strains were grown in
LB-Miller Medium containing ampicillin (100 pg/ml) at 37°C.
When the culture reached an optical density ~1.2 at 600 nm, it
was supplemented with 1 mM IPTG for 4 h. Subsequently, bacteria
were harvested by centrifugation and resuspended with lysis buffer
(B—PERTM, Cat #89821, Thermo Scientific, USA) followed by
sonication. The pellet obtained after centrifugation was dissolved
using 8M urea. Denatured chimeric proteins were further purified
by using a Ni-column (GE17- Cat #5248-01, HisTrapTM High
Performance, Merck) in an AKTA FPLC system (GE Healthcare,
USA). The purified chimeric proteins were refolded and sterilized
using a 0.22 um filter before being stored in aliquots at -20°C until
use. The concentration was determined by Bradford protein assay
(Cat #23236, Thermo Scientific, USA) with BSA as standard.
Standard SDS-PAGE and Western blot confirmation determined
the protein purity and molecular weight. In addition, the reactivity
of Chimeric proteins to IgG and IgA present in human and cattle
sera was assessed by ELISA assay, as previously described (28, 29).
Human and cattle sera were obtained from previous works (29, 52),
with approved certificates of ethics and bioethics.

Formulation of the chimeric protein-based
vaccine candidate

In general, vaccines containing multiple antigens have shown to
enhance protective efficacy compared to those containing fewer
antigens (28, 36, 37). Hence, we combined Chi3 and Chi4 proteins
into a single formulation, anticipating that this approach would
enhance the efficacy and coverage of the vaccine against different
serotypes of STEC. Thus, a mixture of 25 ug of each chimera was
adsorbed onto the adjuvant AddaVax (Cat. code vac-adx-10,
Invivogen, USA), resulting in the vaccine formulation that was used
in subsequent studies. AddaVax ™ is an oil-in-water adjuvant,
based on the MF59 formula [i.e., squalene oil (5% v/v or 4.29%
w/v based on squalene density of 0.858 (PubChem CID: 638072)],
Tween 80 (0.5% w/v) and Span 85 (0.5% w/v) in citrate buffer (10
mM, pH 6.5)), which has been licensed in Europe for use in flu
human vaccines. In addition, AddaVax ™ promotes a more
balanced Th1/Th2 response than that obtained with alum (53-55).

Ethics statement

All animal experiments were performed at Plataforma
Experimental, Facultad de Odontologia, Universidad de Chile,
Santiago, Chile, following protocols and bioethical guidelines
approved by the Comité Institucional de Cuidado y Uso de
Animales (CICUA) (Protocol 19250-ODO-UCH). Female BALB/c
mice (5-6 weeks old) were housed in a pathogen-free and biosafety
level 2 facility with water and food ad libitum and maintained on a
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12-h light cycle. Mice were monitored on a daily basis using a score
system to assess the perception of pain, distress, and discomfort.
The scoring sheet employed was a modified version of the
supervision protocol proposed by Morton and Griffiths, 1985
(56). Briefly, five parameters were evaluated: weight loss,
appearance, spontaneous behavior, behavior in response to
handling, and pathologies resulting from STEC infection.
Specifically, scores from 0 to 3 were assigned, indicating normal
to severe clinical signs, respectively. Mice were euthanized if their
scores ranged from 10 to 15 (Supplementary Table 1).

Immunization studies

Two types of immunization studies were performed, one active
and one passive (Figure 1). For active immunization experiments,
fifty female BALB/c mice (5-6 weeks old) were randomly distributed
into two experimental groups. One group of mice (n=25) was
immunized by the intramuscular (i.m.) route with 50 ul of a
vaccine formulation containing 25 pg of each chimeric protein (i.e.,
Chi3 and Chi4) plus 25 pl of the adjuvant AddaVax'. The other
group of mice (n=25) received PBS plus adjuvant and served as the
control group. Two booster doses were administered with the same
formulations on days 15 and 30 (Figure 1A). To measure the humoral
response, two days before the initial immunization and two weeks
after the last boost, five mice per group were used to collect 0.2 -
0.3 ml of blood by submandibular bleeding method (57). Stool
samples were also collected during these time points. Blood
samples were allowed to clot at 37°C for 30 minutes and then
centrifuged at 1000 x g for 10 minutes. The supernatant (serum)

10.3389/fimmu.2023.1186368

was collected, filtered through a 0.22 um cellulose acetate syringe
filter, aliquoted and stored at -80°C until utilized in the adherence
inhibition assay, serum bactericidal assay, and passive immunization
experiments. Fecal samples were weighed and homogenized (100 mg/
ml) in PBS containing 25 mM EDTA, 0.1 mg/ml soybean trypsin
inhibitor (Cat #17075029, ThermoFisher Scientific), and 2 mM PMSF
(Cat #36978, ThermoFisher Scientific). The fecal suspension was
subjected to an initial centrifugation at 15,000 x g for 5 min at a
temperature of 4°C. Subsequently, the resulting supernatant was
carefully collected and subjected to a second round of
centrifugation under the same conditions, but for up to 15 min.
Subsequently, this final supernatant was stored at -80°C until use. For
measurement of cellular response, two weeks after the final boost, five
mice per group were euthanized, terminally bleed, and their spleens
collected under aseptic conditions. The remaining twenty mice per
group were used in challenge studies (Figures 1B, C).

For passive immunization experiments, a pool of sera was
obtained from five actively immunized mice (Chi3 + Chi4 +
AddaVaXTM) two weeks after the last booster immunization. As a
control, another set of sera was obtained from five control mice
(PBS + AddaVax ). IgG was then purified with the Melon™ Gel
IgG Spin Purification kit (Cat #45206, ThermoFisher Scientific) and
the concentration of purified IgG was determined using the ELISA
Flex kit - Mouse IgG (Cat #3825-1AD-6, Mabtech, USA). Then, ten
female BALB/c mice (10—11 weeks old) were randomly distributed
into two experimental groups (n=5 for each group). One group of
mice was passively immunized, through the tail vein, with 200 pg of
anti-Chi3/Chi4 IgG and two days later with a similar dose. The
other group of mice served as control and received 200 pg of control
IgG (Figure 1D).

D
Experimental groups: Samples collection:
- 25 g Chi3 + 25 pg Chi4 + AddaVax™ @ Blood
@ Feces
- PBS + AddaVax™
Immunization scheme | | Challenge |
T i T T 1
15 30 42 45 60
Boost Boost o Passive
o [ ] immunization on
days 0 and 2
c y:
STEC 0157:H7 (1X10° CFU) or &.STEC C6)157:H7
e STEC 091:H21(1X107 CFU) O-@m STEC O157:H7 (1X10° CFU) (1X10° CFU)
‘ Challenge | Challenge ‘ days . Ghelleige
days T T 1 days T T 1 —_ 4
—> 42 45 60 —> 42 45 60 2,_(|) 2 °
@ ——» every three days @ ——» every three days Water supplemented
F———— Water supplemented —— = with streptomycin [5g/1]

with streptomycin [5g/1]

Water supplemented

with streptomycin [5g/1]

FIGURE 1

Immunization scheme and infection experiments. (A) BALB/c mice were immunized intramuscularly with a formulation containing 25 pg of Chi3 and
25 pg of Chi4 plus Addavax™ adjuvant. Two booster doses of the same formulation were given every 15 days. The control group was given PBS
plus AddaVvax™ adjuvant. Blood and fecal samples were collected 2 days before the experiment started and 12 days after the last booster (day 42).
(B, C) Two different infection protocols were used. Briefly, two days prior to infection, mice were treated with streptomycin to reduce the intestinal
microbiota and promote colonization by streptomycin-resistant challenged strains. In the first infection protocol (B), streptomycin administration
was maintained throughout the experiment. In the second infection protocol (C), streptomycin administration was performed only two days prior to
infection. The infective doses are indicated. Fecal samples were collected every 3 days to assess the shedding of the inoculated bacteria. (D) Passive
immunization experiments and challenge. Mice were passively immunized via the tail vein with 200 pg of anti-Chi3/Chi4 IgG, and two days later,
with a similar dose. The control group received similar doses but of IgG from control mice (PBS + AddaVax™). Four days after infection, mice were
euthanized, and the cecum was collected to determine the level of colonization of the challenged strain.
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Measurement of humoral response

Flat-Bottom 96-well ELISA plates (Cat #442404, ThermoFisher
Scientific) were incubated with a mixture of 1 pg of each chimeric
protein diluted in 100 pl of Phosphate-Buffered Saline (PBS; pH 7.2)
overnight at 4°C. Then, they were incubated with 300 pl/well of
blocking solution (T-PBS + 1% bovine serum albumin) for 1 h at
37°C. The plates were washed 3 times with 300 pl/well of PBS
containing 0.05% Tween 20 (T-PBS). Mice sera or fecal
supernatants were serially diluted in blocking solution (100 ul/
well) and incubated for 1h at 37°C. After 4 washes with T-PBS (400
l/well), secondary antibody-HRP conjugate anti-mouse IgG (Cat
#610-1302), anti-mouse IgG1(Cat #610-103-040), anti-mouse
IgG2a (Cat #610-103-041), anti-mouse IgG2b (Cat #610-103-
042), anti-mouse IgG3 (Cat #610-103-042), or anti-mouse IgA
(Cat #610-4306), all from Rockland Immunochemicals (USA),
were diluted 1:2000 in blocking solution (100 pl/well) and
incubated for 60 min at room temperature (RT). After 4 washes
with Tris-buffered saline (TBS) (400 pl/well; pH 7.5) containing
0.05% Tween 20, TMB (3,3’,5,5-Tetramethylbenzidine) substrate
was incubated for 10 min at RT. The reaction was stopped with 2N
H,SO, (50 pl/well). The absorbance of the solution in each well was
determined at 450 nm using a Synergy HT microplate reader
(Biotek Instruments, USA). The results were reported as the
reciprocal of the highest titer, giving an optical density (OD)
reading of at least the mean +2 standard deviations compared to
the baseline sera or fecal supernatants. Each sample was determined
twice in duplicate, and results were shown as the mean reciprocal
endpoint titer.

Measurement of cellular response

Spleens from immunized or control mice were collected two
weeks after the last immunization. Then, cell suspensions were
obtained by using a 40 um cell strainer (Cat#CLS431750, Sigma-
Aldrich, USA) and cold RPMI (Gibco, USA) supplemented with 10%
FBS and 1% penicillin-streptomycin), after removing erythrocytes by
Red Blood Cell (RBC) Lysis Buffer (Cat #420302, Biolegend, USA).
Splenocytes were cultured in V-Shaped-Bottom 96-well plates (Cat
#EW-01728-80, Costar) (approximately 4 X 105 cells/well) at 37°C,
5% CO2 in RPMI supplemented with 10% FBS and 1% penicillin-
streptomycin. Then, splenocytes were stimulated in vitro with heat-
killed STEC O157:H7 (2 pg/well). After 72 hours, cells were collected
and washed with FACS stain buffer (1X PBS, 2% Fetal Bovine Serum
and 0.05% sodium azide). Cells were incubated with purified rat anti-
mouse CD16/32 antibody (clone 2.4G2, Cat #553142, BD
Biosciences, USA) to block non-specific binding to FcyR.
Subsequently, the staining was carried out with the following
specific anti-mouse monoclonal antibodies: TCR B-FITC (Clone
H57-597, Cat #109206), IL4-PE Cyanine 7 (Clone 11B11, Cat #
504118), CD4-APC Cyanine 7 (Clone GK1.5, Cat #100414) (all from
Biolegend, USA); IFNg-Alexa Fluor 700 (Clone XMG 1.2, Cat
#557998), IL17A-PE, CF594 (Clone TCI11-18H10, Cat #562542),
(all from BD Biosciences, USA). For intracellular antigen staining,
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the cells were permeabilized with Foxp3/Transcription Factor
Staining Buffer (Cat #50-112-8857, Invitrogen, USA). For detection
of cytokines expressed in CD4+ T cells, ex vivo stimulation of
splenocytes was performed with phorbol 12-myristate 13-acetate
(PMA, 50 ng/mL) (Cat #P1585-1MG, Sigma-Aldrich, USA) and
Ionomycin (4 pg/mL) (Cat # 56092-82-1, Sigma-Aldrich, USA) for
four hours at 37°C in the presence of Monensin (4 pg/mL) (Cat # 00-
4505-51, Thermo Fisher Scientific, USA), and Brefeldine A (4 ug/mL)
(Cat #00-4506-51, Thermo Fisher Scientific, USA). To analyze the
percentage of cytokines expressed in CD4+ T cells, we adjusted the
gate according to the fluorescence minus one (FMO) control. The
flow cytometry assay was performed in an 18-color flow cytometer
(BD LSR FORTESSA X-20). The analysis from acquired cells was
carried out in the FlowJo V10 software (FlowJo LLC, USA)

Outer membrane vesicles purification,
transmission electron microscopy and
immunogold labeling

The OMVs were isolated as previously described (58), with
modifications. Briefly, the STEC O157:H7 86-24 strain was cultured
in 500 ml of LB broth for 15 h at 37°C with shaking (180 rpm). The
culture was centrifuged at 10,000 x g for 10 min at 4°C, and the
supernatant was passed through a 0.22 um filter. The filtered
supernatant was concentrated using Amicon® Ultra 15 ml tubes
(3,000 Da cutoft, Cat #UFC9003, Merck Millipore, USA) and
subsequently ultracentrifuged at 235,000 x g for 2 h at 4°C. The
pellet (OMVs) was resuspended in 1 ml of 20 mM TRIS-HCI (pH
8.0) and stored at -80°C until use.

TEM visualization and immunogold labeling were performed as
previously described (59), with modifications. Briefly, 10 ul of an
overnight culture of STEC O157:H7 86-24 or purified OMVs
(dissolved in PBS) were absorbed onto copper grids for 5 minutes
at 37°C. After three washes with PBS, the samples were fixed with
2.0% glutaraldehyde and negatively stained with 0.5%
phosphotungstic acid. Next, the grids were incubated with 1%
BSA-0.01 M glycine in PBS for 1 hour at room temperature.
Following this, the grids were incubated with a pool of sera
obtained from five immunized mice or five control mice, diluted
1:100 in a solution of 0.2% BSA-0.05% Tween 20 (T-BSA), for 1
hour at room temperature. After three washes with T-BSA, the grids
were incubated with 10 nm gold particle-conjugated mouse anti-
IgG (Cat #G7652, Sigma-Aldrich, USA) at a dilution of 1:100.
Finally, the samples were washed three times and analyzed using a
Philips Tecnai 12 microscope at the Electron Microscopy
Laboratory, Faculty of Biological Sciences, Pontificia Universidad
Catolica de Chile, Chile.

Challenge studies

Two different infection protocols were carried out using the
streptomycin-treated mouse model (60).

In the first infection protocol (Figure 1B), two weeks after the
last booster immunization (day 45), five mice per group received ad

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1186368
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Montero et al.

libitum water containing streptomycin (5 g/1) for two days prior to
infection. In addition, the stool was confirmed to be free of
streptomycin-resistant E. coli at the time of infection. Bacterial
strains were grown overnight in low-glucose DMEM medium
containing 50 pg/ml streptomycin at 37°C with shaking. Before
inoculation, food and water were restricted overnight (12 h). The
next morning, mice were inoculated orally with 50 pl of bacterial
suspension containing 1x10° CFU of STEC O157:H21 86-24 strain
or 1x107 CFU of STEC O91:H21 V07-4-4 strain, which are non-
lethal doses, according to previous studies (40) .After challenge,
food and water supplemented with streptomycin were reintroduced
ad libitum throughout the experiment. In the second infection
protocol (Figure 1C), streptomycin administration was performed
only two days prior to infection, and the infective dose was 1x10°
CFU of STEC O157:H21 86-24 strain.

Fecal shedding of the challenged strains was recorded every three
days. For this, 100 mg of feces were suspended and homogenized in
1 ml of PBS. The suspension was then centrifuged at 50 x g for 1 min
to precipitate particles, and serial dilutions of the supernatant were
plated on MacConkey or CHROMagarTM 0157 agar plates
supplemented with streptomycin (50 pg/ml). The weight of the
mice was recorded every three days.

Within the second challenge study, the passively immunized mice
were inoculated orally following the second infection protocol
(Figure 1D). To determine the intestinal colonization of the
challenge strain, these mice were euthanized four days after
infection, and the cecum was collected under aseptic conditions.
The cecal content was suspended in PBS, homogenized, and serially
diluted. The dilutions were plated on MacConkey or CHROMagarTM
0157 agar plates supplemented with streptomycin (50 pg/ml).

Histopathological analysis of kidney tissue

Mice inoculated with the STEC O91:H21 V07-4-4 strain were
euthanized 15 days post-infection. The kidneys were collected, fixed
in 10% formaldehyde (pH 6.9), embedded in paraffin wax, and
sectioned at 5 um. The sections were then stained with hematoxylin
and eosin (H/E). Pathological evaluation of the H/E-stained tissue
sections was carried out by a pathologist blinded to the
experimental design.

Adherence inhibition assay

Caco-2 cells were cultured in 24-well plates (approximately 4 X
10° cells/well) at 37°C, 5% CO, in DMEM supplemented with 10%
FBS and 1% penicillin-streptomycin. The bacterial strains (STEC
0157:H7 or STEC O91:H21) were grown overnight in low glucose
DMEM at 37°C with agitation. The next day, an aliquot was diluted
1:50 in the same medium and incubated at 37°C for 3-4 h with
agitation. The serum from five mice immunized with Chi3 + Chi4 +
AddaVax " was pooled and inactivated at 56°C for 45 min. Sera
from five non-immunized mice (PBS + AddaVaXTM) were pooled,
inactivated, and used as a control. Next, an inoculum of ~10° CFU
of the bacteria was incubated in DMEM medium or DMEM
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medium containing inactivated hyperimmune or control serum at
a 1:5 dilution for 30 min at 37°C with gentle agitation. After that, the
bacteria were used to infect Caco-2 cells for 2 h at 37°C with 5%
CO,. Five washes with PBS removed non-adherent bacteria, and
adherent bacteria were recovered by lysis with 0.1% Triton X-100,
serially diluted in PBS, and plated on MacConkey agar plates for
enumeration. The result was expressed as the percentage of
adherent bacteria in relation to the number of bacteria added,
normalized with the percentage of adherent bacteria that were
incubated in DMEM medium (without serum). The assay was
performed twice in duplicate.

Serum bactericidal assay

Serum bactericidal assays were performed as described (26),
with modifications. An inoculum of approximately 10° CFU of
bacteria (STEC O157:H7 or STEC O91:H21) was incubated with
sera from immunized mice or control sera at a dilution of 1:5, either
active or inactivated, and inactivated sera supplemented with
exogenous mouse complement (Cat #S3269-5ML, Sigma-Aldrich,
USA). The incubation was for 1 h at 37°C with slight agitation.
Surviving bacteria were determined by serial dilutions and plating
on MacConkey agar plates. The serum bactericidal activity was
calculated using the equation: (bacterial CFU in control sera —
bacterial CFU hyperimmune sera)/bacterial CFU in control sera X
100. The assay was performed twice in duplicate.

Statistical analysis

All statistical analysis was done using GraphPad Prism software
(v9.0) (GraphPad, Dotmatics, USA). For all statistical tests, a P
value of <0.05 was considered significant. Statistical differences in
humoral and cellular responses between groups were determined by
Mann-Whitney test. Statistical differences in bacterial colonization
and body weighs between groups were determined by two-way
ANOVA test, followed by Sidak’s multiple comparison test.
Statistical differences between groups in the histological analysis
were determined by two-tailed Student’s t test. Statistical differences
between groups in the adhesion assay experiments were determined
by Mann-Whitney test. Statistical differences between groups in the
Serum bactericidal activity assay were determined by Kruskal-
Wallis test.

Results

Antigen selection and rationale design of
chimeric proteins

For the rational design of a chimeric protein-based vaccine
against STEC, antigenic proteins previously evaluated as
immunogens in a mouse model were prioritized. Among these
proteins are the B subunit of the Shiga toxin 2 (Stx2B), Tir, Intimin,
AggA, EspA, Cah and OmpT. Supplementary Table 2 indicates the
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biological function and immunogenic properties that have been
previously reported for these proteins.

Subsequently, in order to predict linear B and T cell epitopes,
these proteins were analyzed in silico using several
immunobioinformatics tools, as described in material and
methods section. As a result, several epitopes were predicted, and
some of them were located consecutively or partially overlapping,
suggesting the existence of antigenic domains (Supplementary
Tables 3-9). Based on these results, two chimeric proteins
containing several antigenic domains were designed and named
Chimera 3 (Chi3) and Chimera 4 (Chi4), following the
nomenclature used in a previous study in which two other
chimeric proteins were developed (Chimera 1 and Chimera 2) (28).

Chi3 is a 479-aa protein with a theoretical molecular mass of
51.9 KDa that contains antigenic domains of the stx2B subunit and
the Tir, AggA and Intimin proteins (Supplementary Table 10). Chi4
is a 39-aa protein with a theoretical weight of 41.5 KDa that
contains antigenic domains of the Cah, EspA, and OmpT
proteins (Supplementary Table 11). Additionally, through in silico
tools, it was predicted that both chimeric proteins are soluble and
stable in vitro, suggesting that their production and purification are
feasible (Table 1).

We predicted the 3D structures for Chi3 and Chi4 proteins
using the RaptorX (45) and Phyre2 servers (46) (Figures S1A, D).
Subsequently, analysis of the 3D models using RAMPAGE (47)
indicated that the majority (>97%) of amino acid residues were
located in favorable or allowed regions (Figures S1B, E).
Additionally, analysis of the 3D models using PROSA-web (48)
indicated that they have “Z” values within the optimal validation
range (Figures S1C, F). These results suggest that the 3D models of
Chi3 and Chi4 correspond to stable structures and have highly
probable conformations.

Production of chimeric proteins and
determination of their antigenicity

Consistent with the in-silico analyses, both proteins were
produced in the ClearColi® BL21(DE3) strain and subsequently
purified by column chromatography. In addition, analysis of these
proteins by SDS-PAGE indicated that they are stable and have the
predicted molecular weight (Figure 2A).

10.3389/fimmu.2023.1186368

Additionally, it was confirmed that Chi3 and Chi4 are reactive
to IgG and IgA present in sera from patients infected with STEC
O157:H7 (Figure 2B). On the contrary, the reactivity of these
proteins to IgG and IgA present in sera of control (uninfected)
individuals was basal and significantly lower. Similarly, it was
determined that Chi3 and Chi4 proteins are reactive to IgG and
IgA present in sera from cattle that were experimentally infected
with STEC O157:H7. However, in control cattle (not infected), the
reactivity of IgG and IgA to these proteins was significantly lower
(Figure 2C). Together, these results demonstrated the feasibility of
producing Chi3 and Chi4, as well as their antigenicity in humans
and cattle that were infected with STEC O157:H7.

Humoral immune response of
immunized mice

Prior to immunizations, it was confirmed that mice did not have
IgG and IgA antibodies reactive to Chi3 and Chi4 in their serum
and feces (not shown). Subsequently, mice were immunized
following the protocol described in Figure 1A. In the control
group, mice were given PBS plus AddaVax' following the same
administration protocol.

Notably, after three doses of the vaccine formulation, mice
generated significantly higher levels of IgG anti-Chi3/Chi4
antibodies in both serum and feces compared to control mice
(Figures 3A, B). In serum, all IgG isotypes (IgG1, IgG2a, IgG2b,
and IgG3) showed statistically significant titers of anti-Chi3/Chi4
antibodies. In feces, the IgG1 isotype showed the highest titer of
anti-Chi3/Chi4 antibodies, followed by IgG2a and IgG2b, with all
three being statistically significant compared to the control group.
However, the IgG3 isotype was nearly undetectable, and no
differences were found between the groups.

It was also found that immunization with the vaccine
formulation generated IgG antibodies that were reactive to a
bacterial lysate (heat-killed) of STEC O157:H7 (Figure 3C). The
specificity of these antibodies against STEC O157:H7 was also
demonstrated by transmission electron microscopy and
immunogold labeling. In particular, the IgG anti-Chi3/Chi4
antibodies recognized antigens present on the surface of O157:H7
and outer membrane vesicles (OMVs) derived from this
bacterium (Figure 4).

TABLE 1 Antigenic domains and chemical and physical properties of the designed fusion proteins.

Antigenic domains

Protein (No. of amino acids)

MW (KDa)

Theoretical pl

Estimated half-life> = Stability index®

Solubility’

Stx2B (70)
Tir (87)

Chimera 3 (Chi3) 51.9 5.63

AggA (139)
Intimin (183)

Cah (190)
Chimera 4 (Chi4)
OmpT (135)

EspA (66) 41.5 5.04

0.460 >10 h 30.98

0.546 >10 h 21.99

! Prediction by Protein-Sol tool (49). Solubility scale (0-1). A value greater than 0.45 predicts that the protein is soluble. > Prediction of the time it takes for half of the amount of protein in E. coli
to disappear after its synthesis. > The instability index provides an estimate of the stability of a protein in a test tube. A protein whose instability index is smaller than 40 is predicted as stable (61).
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Synthesis of Chimera 3 and Chimera 4 proteins and determination of their antigenicity. (A) SDS-PAGE electrophoresis was performed to separate and
analyze purified Chi3 and Chi4 proteins. Approximately 1 pg of protein was loaded in each lane. Bovine serum albumin (BSA) was used as a loading
control. M indicates the molecular weight standard. (B) IgG and IgA antibodies reactive to Chi3 and Chi4 proteins were determined in the sera of
patients infected with STEC O157:H7 (n=12) who developed Hemolytic Uremic Syndrome (HUS). Sera from uninfected individuals (n=4) were used as a
control. Each point represents the concentration of immunoglobulin in serum determined by ELISA. The mean and standard deviation are shown. (C)
IgG and IgA antibodies present in sera of cattle experimentally infected with STEC O157:H7 (n=5) and control cattle (n=5), which are reactive to Chi3 and
Chi4 proteins. Each point represents the levels of specific immunoglobulin at the indicated dilution, determined by ELISA at an optical density (OD) of
405 nm. The mean and standard deviation are shown. Statistical differences and the P value obtained by the Mann-Whitney test are shown.

In marked contrast to the IgG antibody response, the levels of
anti-Chi3/Chi4 IgA antibodies in serum and feces (secretory IgA;
sIgA) were almost undetectable, and no differences were observed
between groups (Figures 3D, E). Taken together, these results
indicate that the vaccine formulation generates a strong humoral
response characterized by the production of specific IgG antibodies.

Cellular immune response of
immunized mice

We next evaluated the cellular immune response generated by
the vaccine formulation. For this, splenocytes from immunized and
control mice were obtained, cultured in vitro and then restimulated
with heat-killed STEC O157:H7 for 3 days. As shown in Figure 5,
immunized mice exhibited robust responses of interferon gamma
(IEN7y)-secreting CD4 T cells compared to the responses of mice
that received only the adjuvant. Similarly, a significantly higher
response of interleukin 4 (IL-4) and interleukin 17 (IL-17)-secreting
CD4 T cells was observed in immunized mice compared to the
control group. Together, these results highlight the ability of the
vaccine formulation to generate specific cellular responses against
STEC O157:H7.
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Evaluation of the protection against
STEC O157:H7

The protection conferred by the vaccine formulation was
evaluated by challenging mice with STEC O157:H7, following the
protocol described in Figure 1B. Notably, immunized mice showed
a lower fecal shedding of STEC O157:H7 compared to control mice,
with significant differences obtained on days 12 and 15 after
infection (Figure 6A). However, none of the mice achieved
clearance of the challenge bacteria. It is important to note that on
day 9, a control mouse showed lethargy, piloerection, anorexia, and
eventually died. In addition, control mice exhibited a higher loss of
weight than immunized mice (Figure 6B), which was particularly
evident on day 6, where a statistically significant difference was
observed. After day 9, control mice began to gain weight and on day
15, the percentage of weight change between both groups was
practically the same.

To further ascertain the protection conferred by the vaccine
formulation, we performed a second challenge experiment with a
modified infection protocol, as described in Figure 1C. As a result,
immunized mice showed a lower fecal shedding of STEC O157:H7
compared to control mice, with significant differences observed on
days 9 and 12 after infection (Figure 6C). However, on day 15, the

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1186368
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Montero et al.

A
[ Chi3 + Chi4 + AddaVax™
I . dedede @ PBS + AddaVax™
[=2]
- T
_2[ 1071 T *kk
E 10 < FdkKk sk
=
ey
-— 104 —
£
3 10° -
a
o 102
%
g 10"
- 3 miNisiNiGIni=E
IgG Total | 1961 | 1gG2al 1gG2b | 19G3
Cc D
g E15 ** g 10
53 33
ey e 08
a
0810 Q
22 52 06
~o o
I8 £8 04
5S 05 G
o g
08 »g 02
£5 E!
<3 00 000
X x & X
O“{\\b‘/\\“ Q)o" rﬁ" c}"\“«
ot P "
o N RS 0 N
S v A
v ¥

FIGURE 3

10.3389/fimmu.2023.1186368

B
[J Chi3 + Chi4 + Addavax™
210° [@ PBS + AddaVax™
& avVax
2107
810°
S 100
(]
210
[
:_‘))103_ * *
o
102
S * *
el e [leame
100 | M1
IgG Total| 1961 | 1gG2al 1gG26 | 19G3
E
- E 10
o
22 o8
=0
Y=
= 0
£2 04
c
»g 02
E
O 00
X & 'b"‘ EI
o+ ARG
TS Ot O
& PRGN
¥ IR
S

Humoral immune response generated by the immunization with chimeric proteins. Blood and fecal samples were obtained on day 42 from five mice
per group to determine the humoral response by ELISA assay. (A, B) Anti-Chi3/Chi4 IgG antibody titers in serum and feces, respectively. The results
are reported as the reciprocal of the highest titer, giving an optical density (OD) reading of at least the mean +2 standard deviations compared to the
baseline sera or fecal supernatants. (C) IgG in sera that is reactive to heat-killed O157:H7. Each point represents the levels of anti-O157:H7
immunoglobulin at the indicated dilution, determined by optical density (OD) at 450 nm. (D) and e) Anti-Chi3/Chi4 IgA antibodies in serum and
feces, respectively. Each point represents the levels of specific immunoglobulin at the indicated dilution, determined by optical density (OD) at 450
nm. Error bars represent the standard deviation. Differences between groups were analyzed using the Mann-Whitney test and P values are indicated

for significant differences (*P < 0.05, **P < 0.005, ***P < 0.0005).

shedding levels of O157:H7 were similar between both groups, and
in some mice, the bacteria were cleared and not detected in their
feces. Moreover, it is noteworthy that immunized mice gained
weight while control mice had slight weight loss, with significant
differences observed between the two groups from day 3 onwards
(Figure 6D). These results suggest that immunization with the
vaccine formulation confers protection against STEC O157:H7.
Next, we sought to investigate the role of anti-Chi3/Chi4 IgG
antibodies in protection against STEC O157:H7. For this, IgG was
purified from sera of actively immunized and control mice.
Subsequently, two groups of naive mice were treated with
streptomycin for two days and then subjected to passive transfer of
anti-Chi3/Chi4 IgG or control IgG, as described in Figure 1D.
Simultaneously, these mice were inoculated with a dose of 10° CFU
of STEC O157:H7. As shown in Figure 7, no reduction in the fecal
shedding or colonization in the cecum of STEC O157:H7 were
observed in mice receiving hyperimmune IgG compared to controls.
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Evaluation of the protection against
STEC O91:H21

We also evaluate the protection conferred by the vaccine
formulation against the STEC O91:H21 strain V07-4-4. For this,
immunized and control mice were orally inoculated as described in
Figure 1B. As a result, immunized mice showed a lower fecal
shedding of STEC O91:H21 compared to control mice, with
significant differences observed on days 12 and 15 post-infection
(Figure 8A). However, none of the mice achieved clearance of the
challenge bacteria.

Furthermore, it is worth noting that control mice exhibited a
decrease in weight starting from day 12, and this weight loss was
statistically significant on day 15 when compared to immunized mice
(Figure 8B). Importantly, it should be mentioned that two mice from
the control group experienced health impairment characterized by a
hunched posture on day 14 and died overnight on day 15.
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FIGURE 4
Reactivity of anti-Chi3/Chi4 1gG antibodies to antigens located on the surface of STEC O157:H7 and derived outer membrane vesicles (OMVs). The
images correspond to transmission electron microscopy and immunolabeling with gold particles. For this, bacteria and OMVs were incubated with
serum from mice immunized with Chi3 + Chi4 (dilution 1:100) or from control mice (dilution 1:100), followed by mouse anti-lgG conjugated with
gold particles (10 nm in size, dilution 1:100). Antibodies produced by immunization with the vaccine formulation recognize antigens on the surface
of O157:H7 (A, B) and OMVs (C), with abundant labeling with gold particles (Arrows). In contrast, after incubation with control serum, only a few gold
particles were observed (arrowheads) that appear to correspond to background noise rather than specific detection of antigens in the bacteria (D, E)
or their OMVs (F).

To determine the renal involvement in these animals, a histological ~ affected glomeruli was slightly lower in immunized mice (Figure 8E).
analysis was performed, revealing that both groups presented glomeruli ~ Taken together, these results indicate that immunization with the
with structural alterations (Figures 8C, D). However, the number of  vaccine formulation confers partial protection against STEC O91:H21.
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Cellular immune response generated by the immunization with chimeric proteins. Splenocytes were obtained from 5 mice per group on day 42 and
then restimulated for 72 hours with 10 pg of heat-killed STEC O157:H7. Expansion of IFNy+ (A), IL-4+ (B), and IL-17+ (C) CD4+ T cells was measured
by intracellular staining. The left panels show a representative dot plot cytometry, while the graphs on the right show the means and standard
deviation. Statistical differences and P value obtained by Mann-Whitney test are shown

Characterization of the effector functions
of anti-Chi3/Chi4 IgG in the immune
response against STEC

An effective humoral response against enteric infections
requires antibodies that can neutralize pathogens at the surface of
the intestinal mucosa. Because we found that our vaccine
formulation elicited a humoral response based mainly on IgG, we
were interested in elucidating the effector functions of
these antibodies.

Therefore, it was determined whether hyperimmune serum was
capable of inhibiting the adherence of the STEC O157:H7 and O91:
H21 strains to Caco-2 cells. When used at a final concentration of
20%, hyperimmune serum inhibited the adhesion of O157:H7 and
091:H21 by approximately 60% and 50%, respectively (Figure 9A).
In contrast, control serum was unable to inhibit the adhesion of
these bacteria. This result supports a possible role for anti-Chi3/
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Chi4 IgG in inhibiting the adhesion of both bacteria to intestinal
epithelial cells.

Finally, the bactericidal activity of hyperimmune serum against
both bacteria was evaluated. As shown in Figure 9B, hyperimmune
serum exhibited a bactericidal activity against STEC O157:H7 of
approximately 50%. However, when the serum was heat-
inactivated, the bactericidal activity decreased significantly to
25%. When exogenous complement was added, the bactericidal
activity was partially restored. Therefore, the bactericidal activity of
hyperimmune serum against O157:H7 is possibly associated with
activation of the complement via the classical pathway.

When the bactericidal activity of the hyperimmune serum
against O91:H21 was evaluated, it was found to be modest,
reaching approximately 35%. Heat inactivation of the serum led
to a decrease in bactericidal activity, although it was not statistically
significant. Partial recovery was observed with the addition of
exogenous complement, but again, it was not statistically
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Protection against STEC O157:H7 conferred by immunization with chimeric proteins. (A) Five immunized mice and five control mice were orally
inoculated with 10° CFU of STEC O157:H7, following the protocol shown in Figure 1B. During the 15-day infection period, these mice were
administered streptomycin in their drinking water. Data are shown as the number of CFU of the challenge strain per 1 g of feces. 1 Indicates an
animal died. (B) Percentage of body weight change (+ standard deviation) of the animals over a period of 15 days after infection with 10° CFU of
STEC O157:H7. (C) Five immunized mice and five control mice were orally inoculated with 10° CFU of STEC O157:H7, as shown in Figure 1C. These
mice were given streptomycin in their drinking water only two days before infection. (D) Percentage of body weight change (+ standard deviation) of
the animals over a period of 15 days after infection with 10° CFU of STEC O157:H7. Statistical differences were determined by two-way ANOVA test
followed by Sidak's multiple comparison test. (* P < 0.05, ** P < 0.005, *** P < 0.0005).

significant. Therefore, this result shows that the hyperimmune
serum exhibits a slight bactericidal activity against O91:H21.

Discussion

In a previous study, we successfully developed a vaccine
candidate against STEC based on the Chil and Chi2 proteins (28,
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29). The design of these proteins involved the precise identification
of epitopes through a peptide microarray assay. It is noteworthy
that the epitope identification through this assay exhibited a strong
correlation with the epitopes that were predicted using the
algorithms available on the IEDB server. Building upon this
knowledge, we have employed a similar bioinformatics approach
in the current study to rationally design a novel chimeric protein-

based vaccine against STEC.
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Protection against STEC O157:H7 conferred by passive immunization. (A) Passive immunization with anti-Chi3/Chi4 1gG. Five mice were passively
immunized, through the tail vein, with two doses of 200 pg of anti-Chi3/Chi4 IgG, as shown in Figure 1D. As a control, five mice were administered
200 pg of IgG obtained from the serum of control mice (PBS + AddaVax™). The graph shows the presence of anti-Chi3/Chi4 1gG in feces on day 4
after antibody transfer. Statistical differences were determined by two-way ANOVA test, followed by Sidak's multiple comparison test. (B) Fecal
shedding and colonization of STEC O157:H7 in cecum in passively immunized animals. Five mice per group were orally inoculated with 10 CFU of
STEC O157:H7, following the protocol shown in Figure 1D. These mice were given streptomycin in their drinking water only two days before
infection. On day 4 after infection, feces were collected, and the mice were euthanized to obtain the cecum. The levels of fecal shedding are
indicated as the number of CFU of the challenge bacteria per gram of feces. The levels of colonization in the cecum are indicated as the number of
CFU per gram of tissue. Statistical differences between groups were determined by the Mann-Whitney test.
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Protection against STEC O91:H21 conferred by immunization with chimeric proteins. (A) 5 mice per group were orally inoculated with 107 CFU of
STEC O91:H21, following the protocol shown in Figure 3B. Data are shown as the number of CFU of the challenge strain per 1 g of feces. ' Indicates
deceased mouse. Statistical differences and P value were determined by two-way ANOVA test, followed by Sidak’'s multiple comparison test.

(B) Percentage of body weight change ( + SD) of the animals during a 15-day period after infection. Statistical differences and P value were
determined by two-way ANOVA test, followed by Sidak’s multiple comparison test (*** P < 0.0005). (C, D) Renal histology of the cortical zone of
mice infected with O91:H21. At day 15 after infection, 3 animals per group were euthanized and their kidneys were processed for histological
analysis. Glomeruli with an altered structure (arrowheads) were observed in both immunized and control mice. In addition, it was observed adhesion
of the glomerular tuft to the Bowman’s capsule lamina. Arrows: Glomerular tuft. Asterisks: Urinary space of the renal corpuscle. Stain: Hematoxylin-
Eosin. Magnification: 400X. (E) Percentage of non-affected glomeruli normalized by the total number of glomeruli observed in a histological section
per animal. Differences between groups were determined by two-tailed Student’s t test. The symbol “t" indicates 1 deceased mouse. Therefore, the

One of the primary challenges in developing vaccines against
STEC is the potential for disrupting the commensal gut microbiota.
To address this concern, we carefully selected STEC antigens that
are absent in commensal E. coli strains. By focusing on these specific
antigens, we aim to minimize any potential damage to the beneficial
gut microbiota while still targeting the virulence factors associated
with STEC infection.
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Vaccine development strategies against STEC have typically
focused on LEE-encoded antigens, such as Tir, Intimin, and EspA
(18-26). In our approach, we incorporate these three antigens and
two outer membrane proteins, OmpT and Cah, which our group
previously demonstrated as effective immunogens capable of eliciting
protective immune responses against the pathogen (28, 29). Not all
the virulent STEC strains carry the LEE PAIL For example, LEE-
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Determination of effector functions of anti-Chi3/Chi4 IgG. (A) Serum adherence inhibition assay. The serum from mice immunized with Chi3 + Chi4 +
AddaVax™ partially inhibits the adhesion of STEC O157:H7 and STEC O91:H21 to Caco-2 intestinal epithelial cells. An inoculum of approximately 10° CFU of
bacteria was incubated in DMEM medium, or DMEM medium containing inactivated hyperimmune or control serum at a 1:5 dilution, for 30 minutes at 37°C
with gentle agitation. After the incubation, the bacteria were used to infect Caco-2 cells, as described in material and methods. The graphs show the
percentage of adherent bacteria in relation to the number of bacteria added, normalized with the percentage of adherent bacteria that were incubated in
DMEM medium (without serum). The data correspond to two independent experiments performed in duplicate. Error bars represent standard deviation.
Statistical differences between groups were determined using the Mann-Whitney test. (B) Serum bactericidal activity assay. An inoculum of approximately
10° CFU of bacteria (STEC O157:H7 or STEC O91:H21) was incubated with hyperimmune or control sera at a dilution of 1:5, either active or inactivated, and
inactivated sera supplemented with exogenous mouse complement. CFU counts were determined by plating on LB agar plates. Bacterial killing was
normalized with the bacteria that survived after exposure to the respective control serum. The data correspond to two independent experiments performed
in duplicate. Error bars represent standard deviation. Statistical differences between groups were determined using the Kruskal-Wallis test

negative O91:H21 and O113:H21 are important STEC serotypes
causing human disease (40, 62). OmpT and Cah are carried by
these and other LEE-negative STEC strains (52), so incorporating
these antigens into our vaccine formulation has the potential to
provide wide-range of protective immunity to STEC. We also
incorporate the AggA protein, which is the major subunit of the
AAF/I fimbriae, an important virulence factor that mediate
adherence of EAEC/STEC O104:H4 strains (63). Of note, AAF/I
fimbriae have been shown to be immunogenic in mice (64).
Furthermore, we include the Stx2B subunit since studies have
shown that antibodies targeting this subunit can protect mice from
the cytotoxic effects of Stx2 (65-67).

The in silico analysis of these proteins focused on predicting
lineal B cell epitopes and MHC class II binding peptides, using
several algorithms available on the IEDB server. Notably, the IEDB
database has been enhanced with a vast collection of published
epitopes and full-scale MHC-binding peptides, which has improved
its predictive power (68). As a result, we predicted several epitopes,
some of which are located consecutively or partially overlapping,
suggesting the presence of antigenic domains. Based on these
results, we rationally designed Chi3 and Chi4 fusion proteins,
which incorporate the identified antigenic domains (Table 1).
Production and purification of these proteins were successfully
accomplished, and their antigenicity was confirmed using sera
from patients who had developed HUS, as well as from cattle that
were experimentally infected with STEC O157:H7 (Figure 2).

After confirming the antigenicity of Chi3 and Chi4, we
proceeded to evaluate them as a vaccine candidate against STEC.
For this, we formulated the chimeric proteins with the AddaVax
adjuvant and evaluated their immunogenicity and protective
efficacy in the streptomycin-treated mouse model.

The results showed that immunization with our vaccine
formulation triggers a specific humoral and cellular immune
response in mice. Specifically, we found significantly higher titers
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of specific IgG antibodies in both serum and feces of immunized
mice compared to control mice. The systemic IgG response was
characterized by the significant production of all IgG isotypes, while
the intestinal mucosal IgG response was primarily of 1gGl
antibodies. However, we did not observe any IgA responses
elicited by this vaccine formulation (Figure 3). Additionally, our
findings showed that immune sera recognized antigens present on
the surface of O157:H7 as well as OMVs obtained from this
bacterium (Figure 4). This finding suggests that the vaccine could
potentially induce a response against OMVs, which play key roles in
STEC pathogenesis (69, 70).

Regarding the cellular response, the results showed that
immunized mice exhibited responses of antigen-specific CD4 T
cells secreting IFNY, IL-4, and IL-17 compared to the control group
(Figure 5). While the IENy response evidenced the activation of Th1l
cells, the increased production of IL-4 and IL-17 also suggests the
involvement of Th2 and Th17 cells, respectively. Taken together,
these results indicate that the vaccine formulation is capable of
eliciting a robust IgG response and a mixed Th1-, Th2-, and Th17-
like T cell response against STEC O157:H7.

Due to its abundance in the intestinal mucosa, IgA antibodies
have been considered the main adaptive immune response against
enteric infections. However, it has been demonstrated that some of
these infections can be eliminated in the absence of IgA, indicating
that other antibody responses are also important (71, 72). In
contrast, the presence and effector function of IgG in the
intestinal mucosa has largely been ignored in the literature (73).

The murine pathogen C. rodentium has been widely used to
characterize the immune response against A/E pathogens. One of the
first studies to highlight the role of IgG against this bacterium was
conducted by Ghaem-Maghami et al. (74). In this study,
subcutaneous immunization of mice with the Intimin protein
generated a strong humoral immune response characterized by
specific IgG that prevented colonization by C. rodentium. A
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subsequent study showed that the elimination of C. rodentium and
the survival of infected mice were dependent on B lymphocytes and
IgG but not on the production secretory IgA or IgM (75). More
recently, Kamada et al. (76) described one of the mechanisms by
which IgG directs the elimination of C. rodentium. During mouse
infection, two populations of C. rodentium reside in the intestine; a
phenotypically “virulent” population that expresses LEE adheres to
the colon mucosa, and an “avirulent” population that does not
express LEE is displaced towards the lumen. As a result of
infection, specific IgG antibodies are generated mainly against
virulence factors encoded in LEE. These antibodies are transported
to the intestinal lumen, presumably through the neonatal Fc receptor
(FcRn), where they bind to virulent bacteria expressing LEE, leading
to their elimination by neutrophils that migrate through the
epithelium. In contrast, the “avirulent” C. rodentium population is
not opsonized by IgG but is eventually excluded by the microbiota.

Regarding STEC, it has been reported that vaccine candidates
based on proteins encoded in LEE (Tir, Intimin, EspA) and on
Stx2B induce specific IgG antibodies that reduce the shedding of
this pathogen in mice (18, 20, 27, 77). In agreement with these
studies, we found that our vaccine formulation conferred partial
protection against O157:H7. Specifically, we observed that
immunized mice exhibited lower fecal shedding of STEC O157:
H7 and had higher weight gain compared to control mice
(Figures 6A-D). When mice received streptomycin throughout
the experiments, none of the immunized mice completely
eliminate the challenge bacteria. However, when streptomycin
was given only before infection, some immunized and control
mice achieved clearance of the bacteria. Consequently, the
absence of streptomycin may have allowed for recovery of the
intestinal microbiota, ultimately facilitating effective clearance of
the O157:H7 strain in both groups.

In passive immunized mice, protection against colonization by
STEC O157:H7 was not observed (Figure 7). This result does not
rule out the role of IgG in protection against this pathogen.
However, it suggests that an effective immune response involves
multiple arms of the immune system. Additionally, it is possible
that the amount of transferred IgG was not sufficient to decrease
intestinal colonization of STEC O157:H7.

In streptomycin-treated mice, it has been demonstrated that
Stx2d-producing E. coli, such as the O91:H21 strain V07-4-4, can
cause kidney damage and, in some cases, even lead to death (28, 62).
Therefore, we also evaluate the protection conferred by the vaccine
formulation against this STEC strain. As result, we also observed
reduce shedding of STEC O91:H21 in immunize mice compared to
control mice (Figure 8A). Importantly, two mice from the control
group exhibited a compromised state of health and died on day 15,
while none of the immunized mice died. Histological analysis
revealed that both groups had glomeruli with structural
alterations, but the number of affected glomeruli was slightly
lower in immunized mice (Figures 8C, D). These findings suggest
that the vaccine formulation may be effective in reducing the
severity of STEC O91:H21 infection, but further studies are
needed to optimize the vaccine and enhance its protective efficacy.

We also investigated the effector functions of the IgG antibodies
elicited by the vaccine formulation. We found that immune sera
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significantly inhibit the adherence of both O157:H7 and O91:H21
strains to Caco-2 cells, with a greater inhibition observed for O157:
H7 (Figure 9A). In addition, the bactericidal activity of the immune
serum against O157:H7 was found to be approximately 50%, which
was reduced when the serum was heat inactivated. The addition of
exogenous complement partially restored the bactericidal activity
(Figure 9B), suggesting that the classical complement pathway may
be involved in the bactericidal activity. These results, along with the
data from the challenge experiments, suggest that IgG responses are
involved in the protection against STEC. The role of individual IgG
isotypes in mediating the protection against STEC was not
determined in this study. Future investigations will address this.

Our findings have important implications for the design of
effective vaccines against STEC, as they suggest that IgG responses
are involved in the control of these infections. However, it is
important to mention that our results do not rule out that other
classes of antibodies also participate in the protection against this
pathogen. Overall, the results demonstrated the immunogenicity
and protective responses elicited by our vaccine candidate against
STEC. This study provides a starting point for the optimization of
these chimeric proteins as a vaccine candidate against STEC. Future
experiments will evaluate the formulation of Chi3 and Chi4
proteins, along with other adjuvants and routes of administration.
Additionally, we will evaluate the immune response against other
strains such the EAEC/STEC O104:H4, as our vaccine formulation
includes the AggA protein.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Materials, further inquiries can be
directed to the corresponding authors.

Ethics statement

The animal study was reviewed and approved by Comite
Institucional de Cuidado y Uso de Animales (CICUA) (Protocol
19250-ODO-UCH), Universidad de Chile.

Author contributions

Conceptualization and experimental design, DM, RV, and LC.
In vivo experiments, DM, RG-B, PP, DS, CV, LG, and AO. In vitro
experiments, DM, RG-B, PP, and LG. Histological analysis, HM.
Data interpretation and writing the manuscript, DM and LC.
Review and edition, LC and RV All authors contributed to the
article and approved the submitted version.

Funding

Postdoctoral FONDECYT grant 3190524, awarded to DM,
FONDECYT grant 1211959, and FONDEF grant ID21110335,

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1186368
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Montero et al.

awarded to LC, Instituto Milenio
ICM - ANID ICN2021_045.

en Inmunologia e Inmunoterapia

In memoriam

In memory of Carmenza Forero (1955 - 2020), beloved mother
and best teacher.

Conflict of interest

An international patent application for the developed chimeric
antigens and uses thereof is currently being planned. The authors
declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a
potential conflict of interest.

References

1. Nataro JP, Kaper JB. Diarrheagenic Escherichia coli. Clin Microbiol Rev (1998)
11:142-201. doi: 10.1128/CMR.11.1.142.

2. Persad AK, LeJeune JT. Animal reservoirs of Shiga toxin-producing Escherichia
coli. Microbiol Spectr (2014) 2:1-14. doi: 10.1128/microbiolspec.ehec-0027-2014

3. Karch H, Denamur E, Dobrindt U, Finlay BB, Hengge R, Johannes L, et al. The
enemy within us: lessons from the 2011 European Escherichia coli 0104:H4 outbreak.
EMBO Mol Med (2012) 4:841-8. doi: 10.1002/emmm.201201662

4. Betzen C, Plotnicki K, Fathalizadeh F, Pappan K, Fleming T, Bielaszewska M,
et al. Shiga toxin 2a-induced endothelial injury in hemolytic uremic syndrome: A
metabolomic analysis. ] Infect Dis (2016) 213:1031-40. doi: 10.1093/infdis/jiv540

5. Mcdaniel TK, Jarvis KG, Donnenberg MS, Kaper JB. A genetic locus of enterocyte
effacement conserved among diverse enterobacterial pathogens. Proc Natl Acad Sci U S
A (1995) 92:1664-8. doi: 10.1073/pnas.92.5.1664

6. Paton AW, Paton JC. Detection and characterization of shiga toxigenic
Escherichia coli by using multiplex PCR assays for stxl, stx2, eaeA,
enterohemorrhagic E. coli hlyA, rfb(O111), and rfb(O157). J Clin Microbiol (1998)
36:598-602. doi: 10.1128/JCM.40.1.271

7. Mckee ML, O’Brien AD. Truncated enterohemorrhagic Escherichia coli (EHEC)
0157:H7 intimin (EaeA) fusion proteins promote adherence of EHEC strains to HEp-2
cells. Infect Immun (1996) 64:2225-33. doi: 10.1128/iai.64.6.2225-2233.1996

8. Kaper JB, Nataro JP, Mobley HL. Pathogenic Escherichia coli. Nat Rev Microbiol
(2004) 2:123-40. doi: 10.1038/nrmicro818

9. Jerse AE, Yu ], Tall BD, Kaper JB. A genetic locus of enteropathogenic Escherichia
coli necessary for the production of attaching and effacing lesions on tissue culture cells.
Proc Natl Acad Sci U S A (1990) 87:7839-43. doi: 10.1073/pnas.87.20.7839

10. Moon HW, Whipp SC, Argenzio RA, Levine MM, Giannella RA. Attaching and
effacing activities of rabbit and human enteropathogenic Escherichia coli in pig and rabbit
intestines. Infect Immun (1983) 41:1340-51. doi: 10.1128/iai.41.3.1340-1351.1983

11. Farfan M]J, Torres AG. Molecular mechanisms that mediate colonization of
Shiga toxin-producing Escherichia coli strains. Infect Immun (2012) 80:903-13.
doi: 10.1128/TAL.05907-11

12. Ritchie JM. “Animal Models of Enterohemorrhagic Escherichia coli Infection.,”
Enterohemorrhagic Escherichia coli and Other Shiga Toxin-Producing E. coli. Am Soc
Microbiol (2014), 2:175-95. doi: 10.1128/microbiolspec. EHEC-0022-2013

13. Mohawk KL, O’Brien AD. Mouse models of Escherichia coli O157:H7 infection and
shiga toxin injection. J BioMed Biotechnol (2011) 2011:258185. doi: 10.1155/2011/258185

14. Wadolkowski EA, Sung LM, Burris JA, Samuel JE, O'Brien AD. Acute renal
tubular necrosis and death of mice orally infected with Escherichia coli strains that
produce Shiga-like toxin type IL Infect Immun (1990) 58:3959-65. doi: 10.1128/
iai.58.12.3959-3965.1990

15. Newell DG, La Ragione RM. Enterohaemorrhagic and other Shiga toxin-
producing Escherichia coli (STEC): Where are we now regarding diagnostics and
control strategies? Transbound Emerg Dis (2018) 65:49-71. doi: 10.1111/tbed.12789

16. O’'Ryan M, Vidal R, del Canto F, Carlos Salazar ], Montero D. Vaccines for viral
and bacterial pathogens causing acute gastroenteritis: Part II: Vaccines for Shigella,
Salmonella, enterotoxigenic Escherichia coli (ETEC) enterohemorragic E. coli (EHEC)

Frontiers in Immunology

16

10.3389/fimmu.2023.1186368

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fimmu.

2023.1186368/full#supplementary-material

and Campylobacter jejuni. Hum Vaccin Immunother (2015) 11:601-19. doi: 10.1080/
21645515.2015.1011578

17. Miihlen S, Dersch P. Treatment strategies for infections with shiga toxin-producing
Escherichia coli. Front Cell Infect Microbiol (2020) 10:169. doi: 10.3389/fcimb.2020.00169

18. Babiuk S, Asper DJ, Rogan D, Mutwiri GK, Potter AA. Subcutaneous and
intranasal immunization with type III secreted proteins can prevent colonization and
shedding of Escherichia coli O157:H7 in mice. Microb Pathog (2008) 45:7-11.
doi: 10.1016/j.micpath.2008.01.005

19. Fan H-Y, Wang L, Luo J, Long B-G. Protection against Escherichia coli 0157:H7
challenge by immunization of mice with purified Tir proteins. Mol Biol Rep (2012)
39:989-97. doi: 10.1007/s11033-011-0824-0

20. Gu]J, LiuY, Yu'S, Wang H, Wang Q, Yi Y, et al. Enterohemorrhagic Escherichia
coli trivalent recombinant vaccine containing EspA, intimin and Stx2 induces strong
humoral immune response and confers protection in mice. Microbes Infect (2009)
11:835-41. doi: 10.1016/j.micinf.2009.04.024

21. McNeilly TN, Mitchell MC, Rosser T, McAteer S, Low JC, Smith DGE, et al.
Immunization of cattle with a combination of purified intimin-531, EspA and Tir
significantly reduces shedding of Escherichia coli O157:H7 following oral challenge.
Vaccine (2010) 28:1422-8. doi: 10.1016/j.vaccine.2009.10.076

22. Rabinovitz BC, Gerhardt E, Tironi Farinati C, Abdala A, Galarza R, Vilte DA,
et al. Vaccination of pregnant cows with EspA, EspB, y-intimin, and Shiga toxin 2
proteins from Escherichia coli O157:H7 induces high levels of specific colostral
antibodies that are transferred to newborn calves. | Dairy Sci (2012) 95:3318-26.
doi: 10.3168/jds.2011-5093

23. Allen KJ, Rogan D, Finlay BB, Potter AA, Asper DJ. Vaccination with type III
secreted proteins leads to decreased shedding in calves after experimental infection with
Escherichia coli O157. Can ] Vet Res (2011) 75:98-105.

24. Potter AA, Klashinsky S, Li Y, Frey E, Townsend H, Rogan D, et al.
Decreased shedding of Escherichia coli O157:H7 by cattle following vaccination
with type III secreted proteins. Vaccine (2004) 22:362-9. doi: 10.1016/
j.vaccine.2003.08.007

25. Tapia D, Ross BN, Kalita A, Kalita M, Hatcher CL, Muruato LA, et al. From In
silico Protein Epitope density prediction to testing Escherichia coli O157:H7 vaccine
candidates in a Murine Model of Colonization. Front Cell Infect Microbiol (2016) 6:94.
doi: 10.3389/fcimb.2016.00094

26. Sanchez-Villamil JI, Tapia D, Torres AG. Development of a Gold Nanoparticle
Vaccine against Enterohemorrhagic Escherichia coli O157:H7. MBio (2019) 10:1-16.
doi: 10.1128/mBi0.01869-19

27. Zhang X-H, He K-W, Zhang S-X, Lu W-C, Zhao P-D, Luan X-T, et al.
Subcutaneous and intranasal immunization with Stx2B-Tir-Stx1B-Zot reduces
colonization and shedding of Escherichia coli O157:H7 in mice. Vaccine (2011)
29:3923-9. doi: 10.1016/j.vaccine.2011.02.007

28. Montero DA, Del Canto F, Salazar JC, Céspedes S, Cadiz L, Arenas-Salinas M,
et al. Immunization of mice with chimeric antigens displaying selected epitopes
confers protection against intestinal colonization and renal damage caused by
Shiga toxin-producing Escherichia coli. NPJ Vaccines (2020) 5:20. doi: 10.1038/
541541-020-0168-7

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2023.1186368/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1186368/full#supplementary-material
https://doi.org/10.1128/CMR.11.1.142
https://doi.org/10.1128/microbiolspec.ehec-0027-2014
https://doi.org/10.1002/emmm.201201662
https://doi.org/10.1093/infdis/jiv540
https://doi.org/10.1073/pnas.92.5.1664
https://doi.org/10.1128/JCM.40.1.271
https://doi.org/10.1128/iai.64.6.2225-2233.1996
https://doi.org/10.1038/nrmicro818
https://doi.org/10.1073/pnas.87.20.7839
https://doi.org/10.1128/iai.41.3.1340-1351.1983
https://doi.org/10.1128/IAI.05907-11
https://doi.org/10.1128/microbiolspec.EHEC-0022-2013
https://doi.org/10.1155/2011/258185
https://doi.org/10.1128/iai.58.12.3959-3965.1990
https://doi.org/10.1128/iai.58.12.3959-3965.1990
https://doi.org/10.1111/tbed.12789
https://doi.org/10.1080/21645515.2015.1011578
https://doi.org/10.1080/21645515.2015.1011578
https://doi.org/10.3389/fcimb.2020.00169
https://doi.org/10.1016/j.micpath.2008.01.005
https://doi.org/10.1007/s11033-011-0824-0
https://doi.org/10.1016/j.micinf.2009.04.024
https://doi.org/10.1016/j.vaccine.2009.10.076
https://doi.org/10.3168/jds.2011-5093
https://doi.org/10.1016/j.vaccine.2003.08.007
https://doi.org/10.1016/j.vaccine.2003.08.007
https://doi.org/10.3389/fcimb.2016.00094
https://doi.org/10.1128/mBio.01869-19
https://doi.org/10.1016/j.vaccine.2011.02.007
https://doi.org/10.1038/s41541-020-0168-7
https://doi.org/10.1038/s41541-020-0168-7
https://doi.org/10.3389/fimmu.2023.1186368
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Montero et al.

29. Vidal RM, Montero DA, Del Canto F, Salazar JC, Arellano C, Alvarez A, et al. Safety
and Immunogenicity of a Chimeric Subunit Vaccine against Shiga Toxin-Producing
Escherichia coli in Pregnant Cows. Int ] Mol Sci (2023) 24:2771. doi: 10.3390/ijms24032771

30. Soria-Guerra RE, Moreno-Fierros L, Rosales-Mendoza S. Two decades of plant-
based candidate vaccines: A review of the chimeric protein approaches. Plant Cell Rep
(2011) 30:1367-82. doi: 10.1007/500299-011-1065-3

31. Hekele A, Bertholet S, Archer J, Gibson DG, Palladino G, Brito LA, et al. Rapidly
produced SAM ® vaccine against H7N9 influenza is immunogenic in mice. Emerg
Microbes Infect (2013) 2:1-7. doi: 10.1038/emi.2013.54

32. Nuccitelli A, Cozzi R, Gourlay L], Donnarumma D, Necchi F, Norais N, et al.
Structure-based approach to rationally design a chimeric protein for an effective
vaccine against Group B Streptococcus infections. Proc Natl Acad Sci U.S.A. (2011)
108:10278-83. doi: 10.1073/pnas.1106590108

33. Nogales A, Baker SF, Ortiz-Riafo E, Dewhurst S, Topham DJ, Martinez-Sobrido
L. Influenza A virus attenuation by codon deoptimization of the NS gene for vaccine
development. ] Virol (2014) 88:10525-40. doi: 10.1128/jvi.01565-14

34. Burbelo PD, Ching KH, Han BL, Klimavicz CM, Iadarola MJ. Synthetic biology
for translational research. Am ] Transl Res (2010) 2:381-9.

35. Slitka MK, Amanna IJ. Role of multivalency and antigenic threshold in generating
protective antibody responses. Front Immunol (2019) 10:956. doi: 10.3389/fimmu.2019.00956

36. Giuliani MM, Adu-Bobie J, Comanducci M, Arico B, Savino S, Santini L, et al. A
universal vaccine for serogroup B meningococcus. Proc Natl Acad Sci U S A (2006)
103:10834-9. doi: 10.1073/pnas.0603940103

37. Olin P, Rasmussen F, Gustafsson L, Hallander HO, Heijbel H. Randomised
controlled trial of two-component, three-component, and five-component acellular
pertussis vaccines compared with whole-cell pertussis vaccine. Lancet (1997) 350:1569—
77. doi: 10.1016/S0140-6736(97)06508-2

38. Masignani V, Pizza M, Moxon ER. The development of a vaccine against
Meningococcus B using reverse vaccinology. Front Immunol (2019) 10:751.
doi: 10.3389/fimmu.2019.00751

39. Upadhyay I, Li S, Ptacek G, Seo H, Sack DA, Zhang W. A polyvalent
multiepitope protein cross-protects against Vibrio cholerae infection in rabbit
colonization and passive protection models. Proc Natl Acad Sci (2022) 119:2017.
doi: 10.1073/pnas.2202938119

40. Montero DA, Del Canto F, Velasco J, Colello R, Padola NL, Salazar JC, et al.
Cumulative acquisition of pathogenicity islands has shaped virulence potential and
contributed to the emergence of LEE-negative Shiga toxin-producing Escherichia coli
strains. Emerg Microbes Infect (2019) 8:486-502. doi: 10.1080/22221751.2019.1595985

41. Kim Y, Ponomarenko J, Zhu Z, Tamang D, Wang P, Greenbaum J, et al.
Immune epitope database analysis resource. Nucleic Acids Res (2012) 40:525-30.
doi: 10.1093/nar/gks438

42. Jespersen MC, Peters B, Nielsen M, Marcatili P. BepiPred-2.0: Improving
sequence-based B-cell epitope prediction using conformational epitopes. Nucleic
Acids Res (2017) 45:W24-9. doi: 10.1093/nar/gkx346

43. Kolaskar AS, Tongaonkar PC. A semi-empirical method for prediction of
antigenic determinants on protein antigens. FEBS Lett (1990) 276:172-4.
doi: 10.1016/0014-5793(90)80535-Q

44. Reynisson B, Alvarez B, Paul S, Peters B, Nielsen M. NetMHCpan-4.1 and
NetMHClIIpan-4.0: Improved predictions of MHC antigen presentation by concurrent
motif deconvolution and integration of MS MHC eluted ligand data. Nucleic Acids Res
(2021) 48:W449-54. doi: 10.1093/NAR/GKAA379

45. Wang S, Li W, Liu S, Xu J. RaptorX-Property: a web server for protein structure
property prediction. Nucleic Acids Res (2016) 44:W430-5. doi: 10.1093/nar/gkw306

46. Kelly LA, Mezulis S, Yates C, Wass M, Sternberg M. The Phyre2 web portal for
protein modelling, prediction, and analysis. Nat Protoc (2015) 10:845-58. doi: 10.1038/
nprot.2015-053

47. Lovell SC, Davis IW, Adrendall WB, de Bakker PIW, Word JM, Prisant MG,
et al. Structure validation by C alpha geometry: phi,psi and C beta deviation. Proteins-
Structure Funct Genet (2003) 50:437-50. doi: 10.1002/prot.10286

48. Wiederstein M, Sippl MJ. ProSA-web: Interactive web service for the recognition
of errors in three-dimensional structures of proteins. Nucleic Acids Res (2007) 35:407-
10. doi: 10.1093/nar/gkm290

49. Hebditch M, Carballo-Amador MA, Charonis S, Curtis R, Warwicker J. Protein-
Sol: A web tool for predicting protein solubility from sequence. Bioinformatics (2017)
33:3098-100. doi: 10.1093/bioinformatics/btx345

50. Wilkins MR, Gasteiger E, Bairoch A, Sanchez JC, Williams KL, Appel RD, et al.
Protein identification and analysis tools in the EXPASy server. Methods Mol Biol (1999)
112:531-52. doi: 10.1385/1-59259-890-0:571

51. Goddard TD, Huang CC, Meng EC, Pettersen EF, Couch GS, Morris JH, et al.
UCSF ChimeraX: Meeting modern challenges in visualization and analysis. Protein Sci
(2018) 27:14-25. doi: 10.1002/pro.3235

52. Montero D, Orellana P, Gutiérrez D, Araya D, Salazar JC, Prado V, et al.
Immunoproteomic analysis to identify Shiga toxin-producing Escherichia coli outer
membrane proteins expressed during human infection. Infect Immun (2014) 82:4767-
77. doi: 10.1128/IA1.02030-14

53. AboulFotouh K, Uno N, Xu H, Moon C, Sahakijpijarn S, Christensen DJ, et al.
Formulation of dry powders of vaccines containing MF59 or AddaVax by Thin-Film

Frontiers in Immunology

17

10.3389/fimmu.2023.1186368

Freeze-Drying: Towards a dry powder universal flu vaccine. Int J Pharm (2022)
624:122021. doi: 10.1016/j.ijpharm.2022.122021

54. Mbow ML, De Gregorio E, Valiante NM, Rappuoli R. New adjuvants for human
vaccines. Curr Opin Immunol (2010) 22:411-6. doi: 10.1016/§.c0i.2010.04.004

55. Oliveira TL, Schuch RA, Inda GR, Roloff BC, Neto ACPS, Amaral M, et al.
LemA and Erp Y-like recombinant proteins from Leptospira interrogans protect
hamsters from challenge using AddaVax™ as adjuvant. Vaccine (2018) 36:2574-80.
doi: 10.1016/j.vaccine.2018.03.078

56. Morton D, Griffiths P. Guidelines on the recognition of pain, distress and
discomfort in experimental animals and an hypothesis for assessment. Vet Rec (1985)
116:431-6. doi: 10.1136/vr.116.16.431

57. Golde WT, Gollobin P, Rodriguez LL. A rapid, simple, and humane method for
bleeding of mice. Lab Anim (NY) (2005) 34:39-43. doi: 10.1038/laban1005-39

58. Aldick T, Bielaszewska M, Uhlin BE, Humpf HU, Wai SN, Karch H. Vesicular
stabilization and activity augmentation of enterohaemorrhagic Escherichia coli
haemolysin. Mol Microbiol (2009) 71:1496-508. doi: 10.1111/j.1365-2958.2009.06618.x

59. Gutiérrez D, Pardo M, Montero D, Onate A, Farfan MJ, Ruiz-Peérez F, et al.
TleA, a tsh-like autotransporter identified in a human enterotoxigenic Escherichia coli
strain. Infect Immun (2015) 83:1893-903. doi: 10.1128/IAL.02976-14

60. Wadolkowski EA, Burris JA, O’Brien a. D. Mouse model for colonization and
disease caused by enterohemorrhagic Escherichia coli O157:H7. Infect Immun (1990)
58:2438-45. doi: 10.1128/iai.58.8.2438-2445.1990

61. Guruprasad K, Reddy BVB, Pandit MW. Correlation between stability of a
protein and its dipeptide composition: A novel approach for predicting in vivo stability
of a protein from its primary sequence. Protein Eng Des Sel (1990) 4:155-61.
doi: 10.1093/protein/4.2.155

62. Allue-Guardia A, Koenig SSK, Martinez RA, Rodriguez AL, Bosilevac JM, Feng
P, et al. Pathogenomes and variations in Shiga toxin production among geographically
distinct clones of Escherichia coli O113:H21. Microb Genomics (2022) 8:1-21.
doi: 10.1099/mgen.0.000796

63. Schiller P, Knédler M, Berger P, Greune L, Fruth A, Mellmann A, et al. The superior
adherence phenotype of Escherichia coli O104:H4 is directly mediated by the aggregative
adherence fimbriae type L. Virulence (2021) 12:346-59. doi: 10.1080/21505594.2020.1868841

64. Bouzari S, Dashti A, Jafari A, Oloomi M. Immune response against adhesins of
enteroaggregative Escherichia coli immunized by three different vaccination strategies
(DNA/DNA, Protein/Protein, and DNA/Protein) in mice. Comp Immunol Microbiol
Infect Dis (2010) 33:215-25. doi: 10.1016/j.cimid.2008.10.002

65. Gao X, Cai K, Shi J, Liu H, Hou X, Tu W, et al. Immunogenicity of a novel
Stx2B-Stx1B fusion protein in a mice model of Enterohemorrhagic Escherichia coli
0157:H7 infection. Vaccine (2009) 27:2070-6. doi: 10.1016/j.vaccine.2009.01.115

66. Mejias MP, Cabrera G, Fernandez-Brando RJ, Baschkier A, Ghersi G, Abrey-
Recalde MJ, et al. Protection of mice against Shiga toxin 2 (Stx2)-associated damage by
maternal immunization with a Brucella lumazine synthase-Stx2 B subunit chimera.
Infect Immun (2014) 82:1491-9. doi: 10.1128/IA1.00027-14

67. Tsuji T, Shimizu T, Sasaki K, Tsukamoto K, Arimitsu H, Ochi S, et al. A nasal
vaccine comprising B-subunit derivative of Shiga toxin 2 for cross-protection against
Shiga toxin types 1 and 2. Vaccine (2008) 26:2092-9. doi: 10.1016/j.vaccine.2008.02.034

68. Vita R, Overton JA, Greenbaum JA, Ponomarenko J, Clark JD, Cantrell JR, et al.
The immune epitope database (IEDB) 3.0. Nucleic Acids Res (2015) 43:D405-12.
doi: 10.1093/nar/gku938

69. Kolling GL, Matthews KR. Export of virulence genes and Shiga toxin by
membrane vesicles of Escherichia coli O157:H7. Appl Environ Microbiol (1999)
65:1843-8. doi: 10.1128/aem.65.5.1843-1848.1999

70. Kunsmann L, Riiter C, Bauwens A, Greune L, Glider M, Kemper B, et al.
Virulence from vesicles: Novel mechanisms of host cell injury by Escherichia coli O104:
H4 outbreak strain. (2015). 5:13252 doi: 10.1038/srep13252

71. Eckmann L, Stappenbeck TS. IgG “detoxes” the intestinal mucosa. Cell Host
Microbe (2015) 17:538-9. doi: 10.1016/j.chom.2015.05.001

72. Westerman LE, McClure HM, Jiang B, Almond JW, Glass RI. Serum IgG
mediates mucosal immunity against rotavirus infection. Proc Natl Acad Sci (2005)
102:7268-73. doi: 10.1073/pnas.0502437102

73. Horton RE, Vidarsson G. Antibodies and their receptors: different potential
roles in mucosal defense. Front Immunol (2013) 4:200. doi: 10.3389/fimmu.2013.00200

74. Ghaem—Maghami M, Simmons CP, Daniell S, Pizza M, Lewis D, Frankel G, et al.
Intimin-specific immune responses prevent bacterial colonization by the attaching-
effacing pathogen Citrobacter rodentium. Infect Immun (2001) 69:5597-605.
doi: 10.1128/IA1.69.9.5597-5605.2001

75. Maaser C, Housley MP, limura M, Smith JR, Vallance BA, Finlay BB, et al. Clearance
of Citrobacter rodentium requires B cells but not secretory immunoglobulin A (IgA) or IgM
antibodies. Infect Immun (2004) 72:3315-24. doi: 10.1128/IA1.72.6.3315-3324.2004

76. Kamada N, Sakamoto K, Seo S-U, Zeng MY, Kim Y-G, Cascalho M, et al.
Humoral immunity in the gut selectively targets phenotypically virulent attaching-and-
effacing bacteria for intraluminal elimination. Cell Host Microbe (2015) 17:617-27.
doi: 10.1016/j.chom.2015.04.001

77. Amani ], Salmanian AH, Rafati S, Mousavi SL. Immunogenic properties of
chimeric protein from espA, eae and tir genes of Escherichia coli O157:H7. Vaccine
(2010) 28:6923-9. doi: 10.1016/j.vaccine.2010.07.061

frontiersin.org


https://doi.org/10.3390/ijms24032771
https://doi.org/10.1007/s00299-011-1065-3
https://doi.org/10.1038/emi.2013.54
https://doi.org/10.1073/pnas.1106590108
https://doi.org/10.1128/jvi.01565-14
https://doi.org/10.3389/fimmu.2019.00956
https://doi.org/10.1073/pnas.0603940103
https://doi.org/10.1016/S0140-6736(97)06508-2
https://doi.org/10.3389/fimmu.2019.00751
https://doi.org/10.1073/pnas.2202938119
https://doi.org/10.1080/22221751.2019.1595985
https://doi.org/10.1093/nar/gks438
https://doi.org/10.1093/nar/gkx346
https://doi.org/10.1016/0014-5793(90)80535-Q
https://doi.org/10.1093/NAR/GKAA379
https://doi.org/10.1093/nar/gkw306
https://doi.org/10.1038/nprot.2015-053
https://doi.org/10.1038/nprot.2015-053
https://doi.org/10.1002/prot.10286
https://doi.org/10.1093/nar/gkm290
https://doi.org/10.1093/bioinformatics/btx345
https://doi.org/10.1385/1-59259-890-0:571
https://doi.org/10.1002/pro.3235
https://doi.org/10.1128/IAI.02030-14
https://doi.org/10.1016/j.ijpharm.2022.122021
https://doi.org/10.1016/j.coi.2010.04.004
https://doi.org/10.1016/j.vaccine.2018.03.078
https://doi.org/10.1136/vr.116.16.431
https://doi.org/10.1038/laban1005-39
https://doi.org/10.1111/j.1365-2958.2009.06618.x
https://doi.org/10.1128/IAI.02976-14
https://doi.org/10.1128/iai.58.8.2438-2445.1990
https://doi.org/10.1093/protein/4.2.155
https://doi.org/10.1099/mgen.0.000796
https://doi.org/10.1080/21505594.2020.1868841
https://doi.org/10.1016/j.cimid.2008.10.002
https://doi.org/10.1016/j.vaccine.2009.01.115
https://doi.org/10.1128/IAI.00027-14
https://doi.org/10.1016/j.vaccine.2008.02.034
https://doi.org/10.1093/nar/gku938
https://doi.org/10.1128/aem.65.5.1843-1848.1999
https://doi.org/10.1038/srep13252
https://doi.org/10.1016/j.chom.2015.05.001
https://doi.org/10.1073/pnas.0502437102
https://doi.org/10.3389/fimmu.2013.00200
https://doi.org/10.1128/IAI.69.9.5597-5605.2001
https://doi.org/10.1128/IAI.72.6.3315-3324.2004
https://doi.org/10.1016/j.chom.2015.04.001
https://doi.org/10.1016/j.vaccine.2010.07.061
https://doi.org/10.3389/fimmu.2023.1186368
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	A chimeric protein-based vaccine elicits a strong IgG antibody response and confers partial protection against Shiga toxin-producing Escherichia coli in mice
	Introduction
	Materials and methods
	Bacterial strains and growth conditions
	Design of chimeric proteins
	Purification and antigenicity of chimeric proteins
	Formulation of the chimeric protein-based vaccine candidate
	Ethics statement
	Immunization studies
	Measurement of humoral response
	Measurement of cellular response
	Outer membrane vesicles purification, transmission electron microscopy and immunogold labeling
	Challenge studies
	Histopathological analysis of kidney tissue
	Adherence inhibition assay
	Serum bactericidal assay
	Statistical analysis

	Results
	Antigen selection and rationale design of chimeric proteins
	Production of chimeric proteins and determination of their antigenicity
	Humoral immune response of immunized mice
	Cellular immune response of immunized mice
	Evaluation of the protection against STEC O157:H7
	Evaluation of the protection against STEC O91:H21
	Characterization of the effector functions of anti-Chi3/Chi4 IgG in the immune response against STEC

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	In memoriam
	Supplementary material
	References


