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Abstract: Diarrheal diseases caused by Shigella and enterotoxigenic Escherichia coli (ETEC) are signifi-
cant health burdens, especially in resource-limited regions with high child mortality. In response to
the lack of licensed vaccines and rising antibiotic resistance for these pathogens, this study developed
a recombinant Shigella flexneri strain with the novel incorporation of the eltb gene for the heat-labile
enterotoxin B (LTB) subunit of ETEC directly into Shigella’s genome, enhancing stability and con-
sistent production. This approach combines the immunogenic potential of LTB with the antigen
delivery properties of S. flexneri outer membrane vesicles (OMVs), aiming to provide cross-protection
against both bacterial pathogens in a stable, non-replicating vaccine platform. We confirmed suc-
cessful expression through GM1-capture ELISA, achieving levels comparable to ETEC. Additionally,
proteomic analysis verified that the isolated vesicles from the recombinant strains contain the LTB
protein and the main outer membrane proteins and virulence factors from Shigella, including OmpA,
OmpC, IcsA, SepA, and Ipa proteins, and increased expression of Slp and OmpX. Thus, our newly
designed S. flexneri OMVs, engineered to carry ETEC’s LTB toxin, represent a promising strategy to
be considered as a subunit vaccine candidate against S. flexneri and ETEC.

Keywords: Shigella flexneri; enterotoxigenic Escherichia coli (ETEC); outer membrane vesicles (OMVs);
recombinant vaccine; heat-labile enterotoxin B (LTB)

1. Introduction

Diarrheal infectious diseases constitute a serious global health problem. They are
one of the leading causes of death in children under five years old, responsible for
443,832 deaths annually in this age group [1]. These diseases have a particularly high
mortality rate in low-resource countries, primarily due to limited healthcare infrastruc-
ture and restricted access to treatments such as antibiotics and preventive measures like
vaccines. Mortality from these diarrheal diseases was traditionally associated with severe
dehydration and fluid loss, but the current disease paradigm has shifted, with the ability
for bacterial infections to cause sepsis now posing a greater risk of death [1].

Among the main etiological agents responsible for diarrhea, Shigella spp. and en-
terotoxigenic Escherichia coli (ETEC) account for 10.8% and 3.9% of cases, respectively [2],
being the most impactful bacterial species in diarrheal diseases. Due to the high burden
of these pathogens, the development of vaccines against them is a priority, as highlighted
by the WHO'’s Product Development for Vaccines Advisory Committee (PDVAC) and Im-
munization, Vaccines, and Biologicals Advisory Committee. This commission has recently
developed guidelines on Preferred Product Characteristics, assessing the key characteristics
that vaccines must possess for both pathogens individually, with the common objectives
of safety, efficacy, and economic accessibility [3]. The urgency of vaccine development
is amplified for two reasons: first, there are currently no vaccines on the market against
these bacteria, and second, the drastic increase in antibiotic resistance, which is especially

Int. ]. Mol. Sci. 2024, 25, 12535. https:/ /doi.org/10.3390/ijms252312535

https:/ /www.mdpi.com/journal/ijms


https://doi.org/10.3390/ijms252312535
https://doi.org/10.3390/ijms252312535
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0002-5998-7298
https://orcid.org/0000-0002-6586-4657
https://doi.org/10.3390/ijms252312535
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms252312535?type=check_update&version=1

Int. J. Mol. Sci. 2024, 25, 12535

2 of 15

problematic in the case of Shigella spp. and E. coli spp., listed among the top ten bacterial
species in the WHO Bacterial Priority Pathogens List of 2024 [4].

ETEC is a key cause of traveler’s diarrhea [5]. After ingestion and reaching the small
intestine, ETEC releases different enterotoxins responsible for the onset of diarrhea, such
as the heat-labile toxin (LT) and the heat-stable toxin (ST) which can be produced both
simultaneously and individually, each exhibiting diarrheagenic activity independently [6].

The ST is a low-MW cysteine-rich peptide. This enterotoxin has proven to be poorly
immunogenic, thus limiting its potential as a vaccine candidate. Even though recent
efforts have begun to reintroduce it with certain genetic mutations, few vaccine candidates
currently include this toxin [6].

On the other hand, LT has a higher MW of 84 kDa, encoded by the eltab operon. It
consists of a heterohexameric AB5-type molecule, with great structural and functional
similarity to cholera toxin (CT), sharing 80% homology [7]. It is formed by two subunits:
the A subunit (LTA), which exhibits catalytic activity and is the active part of the toxin,
and the pentameric B subunit (LTB), responsible for binding to the monosialoganglioside
GM1 receptor on the surface of the enterocyte [8]. LTB has been extensively studied
due to its immunogenic capacity, producing specific anti-LT antibodies and stimulating
cytokine production. This, combined with its lack of toxicity and adjuvant capacity as
immunomodulator, makes it an excellent vaccine candidate [7,9,10].

In contrast, the genus Shigella is the etiological agent of human shigellosis, also known
as bacillary dysentery. This genus is closely related to E. coli and is classified into different
species, with S. flexneri being endemic in developing countries [11]. It is an intracellular
pathogen that infects epithelial cells of the colon, replicates within them, and then spreads
to adjacent cells [12]. This process triggers cellular secretion of IL—8, followed by neutrophil
recruitment, leading to inflammation, destruction of the epithelium, and the characteristic
blood- and mucus-containing diarrhea [13].

Like most Gram-negative bacteria, Shigella releases outer membrane vesicles (OMVs)
into the environment. These vesicles contain different virulence factors, including outer
membrane proteins (Omps), adhesins, Ipa proteins, and lipopolysaccharide, which are
involved in the invasion process [14], but also are well-recognized “pathogen associated
molecular patterns”, which makes OMVs excellent vaccine candidates, as demonstrated in
previous studies where protection was achieved in murine models via different administra-
tion routes [14-16].

Despite the developing efforts and the progress of some vaccine candidates to phase
1 trials, there is currently no licensed vaccine against these two bacterial species [17].
Due to the lack of preventive tools and in response to current global needs outlined by
the WHO [18,19], our goal is to design and develop a single subunit vaccine capable of
protecting against both bacterial species, ETEC, and S. flexneri. To achieve this objective,
the S. flexneri and S. flexneri AtolR strains were employed for cloning, the latter being an
attenuated recombinant strain developed by our research group that, due to its mutation
in the Tol-Pal system, has an enhanced capacity to release vesicles, which is of interest in
the production of our antigenic complex [16]. This vaccine candidate aims to incorporate
main antigens from each bacterium, specifically the LTB subunit toxin from ETEC and
S. flexneri vesicles. Here we describe the development of a recombinant S. flexneri strain
engineered to express LTB, facilitating the co-delivery of Shigella and ETEC antigens through
S. flexneri vesicles. The potential benefits of vesicles include enhanced safety due to their
non-replicating nature and improved stability, making them easier to store and transport
compared to traditional vaccines.

2. Results
2.1. Detection of ETEC LTB Protein in Recombinant Shigella flexneri Strains
Recombinant construction of S. flexneri strains expressing ETEC LTB subunit protein

was achieved by incorporating the eltb promoter region and gene from ETEC into S. flexneri
wild-type (wt) and AtolR strains, as described above. To confirm the successful insertion of
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the eltb gene and the resulting constitutive protein expression, a specific GM1-capture ELISA
was conducted. As shown in Figure 1A, the protein was detected in bacterial cultures on
both genetically modified Shigella strains, S. flexneri::eltb and S. flexneri AtolR::eltb, as well as
on the ETEC control strain. Strikingly, these transgenic strains showed elevated constitutive
expression levels of LTB similar to ETEC, with no significant differences observed between
them. Protein presence in these samples was analyzed following bacterial inactivation with
BEI/FA, while no signal was detected after heat inactivation. As expected, no signal was
detected when parental S. flexneri and S. flexneri AtolR were used (Figure 1A).
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Figure 1. LTB detection in ETEC and different parental or transgenic Shigella flexneri strains using
a GM1 capture-ELISA. (A) The presence of LTB was confirmed on ETEC and S. flexneri::eltb and
AtolR::elth strains. (B) In LTB-positive samples, no significant differences were observed between
cell-associated and bacterial culture supernatant fractions. [ns, not significant (p > 0.05)].

To more deeply characterize which fraction of the bacterial culture contained the
LTB protein, both bacterial cells and culture supernatants were analyzed. LTB protein
distribution was relatively homogeneous across both fractions as no significant differences
were observed between samples (Figure 1B).

2.2. Outer Membrane Vesicles Characterization
2.2.1. Size Distribution and Zeta Potential

From each parental and transgenic strain, OMVs were collected after bacterial inac-
tivation using BEI-FA, and HT-OMVs were obtained after heat treatment of the bacterial
cultures (see above). A Malvern Zetasizer was used to determine the size distribution and
zeta potential of the different vesicle products. Mean size distribution and Z potential of the
outer membrane vesicles derived from parental and LTB-recombinant strains are indicated
in Table 1. The analysis revealed vesicles with diameters of roughly 200 nm and a more
electronegative potential of the vesicles obtained from the recombinant strains.

Table 1. Size distribution and zeta potential of the different OMV products.

Mean Size (nm)

Outer Membrane Vesicles Zeta Potential (mV)

[Polydispersity Index]
OMV S. flexneri 193 [0.41] —7.47
OMYV S. flexneri::eltb 271 [0.46] —15.00
HT-OMV S. flexneri 145 [0.20] —12.18
HT-OMYV S. flexneri::eltb 165 [0.31] —15.73
OMV 8. flexneri AtolR 403 [0.65] —9.98
OMYV S. flexneri AtolR::eltb 200 [0.36] —17.65
HT-OMV S. flexneri AtolR 247 [0.29] —15.83
HT-OMV S. flexneri 157 [0.20] 9130

AtolR::eltb
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Using transmission electron microscopy, we identified spherical structures within the
anticipated size range of OMVs and HT-OMYV (Table 1). Figure 2 displays representative
images from the parental and recombinant vesicles containing LTB protein.

OMVs HT-OMVs

parental ::eltb AtolR ::eltb parental ::elth AtolR ::eltb

Figure 2. Representative transmission electron microscopy (TEM) images of OMVs and HT-OMVs
isolated from parental Shigella flexneri, S. flexneri AtolR mutant, and their respective recombinant
containing eltb (scale bar = 200 nm).

2.2.2. Proteomics

Proteomics analysis confirmed the presence of the LTB protein (Figure 3). As expected,
the analysis confirmed the expression of the protein in both ETEC native products and
in Shigella::eltb-mutated samples, but not in Shigella-derived vesicles. OMVs from ETEC
obtained by chemical inactivation expressed higher levels of LTB (p < 0.001) compared to
HT-OMVs vesicles, although this difference was not observed in Shigella OMV /HT.
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Figure 3. Proteomic analysis identified LTB abundance in the different OMV and HT products from
ETEC and Shigella flexneri or mutant (AtolR), with and without the eltb insertion. Samples were
analyzed in triplicates and the protein abundance was normalized to the total protein (*, p < 0.05;
***, p < 0.001; ns, non-significant; a.u.: arbitrary units).
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A comparative proteomic analysis was also conducted to identify significant alter-
ations in the overall proteome profile of the recombinant strains. The quantitative analysis
confirmed that the main outer membrane proteins and virulence factors from Shigella are
present in all the samples tested in the study, including OmpA, OmpC, IcsA, SepA, and Ipa
proteins, among others. However, some differences in protein expression were observed.
When comparing OMVs and HT-OMVs from the wild-type with the corresponding from
the Shigella::eltb strains, the latter was enriched in some Omps such as Slp, OmpA, and
OmpX, and in some virulence factors like VirF and IcsA, although Ipa protein’s expression
was non-significant. Only OmpC appeared to be overexpressed in wild-type and HT-OMVs
vesicles (p < 0.001) (Figure 4).
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Figure 4. Differential expression of the main outer membrane proteins and virulence factors included
in OMV and HT products from Shigella flexneri wild-type (A,B) or mutant AtoIR (C,D) before (black)
and after e/tb mutation (white). Proteins were clustered in two groups based on their expression
profile. Samples were analyzed in triplicates and the Log?2 of the fold change is represented (*, p < 0.05,
**, p <0.01, ***, p < 0.001; ns, non-significant).

Conversely, regarding the Shigella AtolR-derived vesicles, the protein profile changed
remarkably with and without the el/tb mutation. As shown in Figure 3, both OMVs and
HT-OMVs, including LTB, are enriched (p < 0.05) in Omps, whereas the expression of
virulence factors was significantly decreased in these vesicles compared to Shigella AtolR
derived vesicles.
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2.3. Bacterial Growth Analysis and Antibiotic Sensitivity

The phenotypic analysis of the recombinant strains was extended by examining growth
curves in vitro and assessing antibiotic sensitivity to investigate potential pleiotropic effects
of the eltb insertion gene. The analysis showed similar growth kinetics of the recombi-
nant strains compared to their parental strains (Figure 5), with similar generation time
(30 £ 1 min). However, AtolR mutant strains reached the stationary phase with lower
absorbance levels compared to S. flexneri wt and S. flexneri::eltb strains. Additionally, the
double recombinant strain exhibited a shorter stationary phase, entering the death phase at
13 h, whereas this phase was not observed in the other strains within the 22 h experiment.

14 |

1.2 1 T T — S. flexneri
’g 1.0 - --- S. flexneri::eltb
§ 0.8 - - S. flexneri AtolR
E 0.6 - S. flexneri AtolR::eltb
o 0.4 -

0.2 -
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5 10 15 20
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Figure 5. Bacterial growth curves of Shigella flexneri wt, S. flexneri::eltb, S. flexneri AtolR, and S. flexneri
AtolR::elth. Bacterial suspensions were inoculated on Bioscreen C multi-well plates and incubated
with continuous shaking at 37 °C. Absorbance values (O.D.589 ,m) Were automatically read at regular
intervals of 10 min for 22 h. An arbitrary position of the stationary phase is indicated according to the
growth curve kinetics.

An antibiotic sensitivity study was also performed. First-line antibiotics for shigellosis,
such as ciprofloxacin and ceftriaxone, as well as fosfomycin, ertapenem, and aztreonam,
among others, were tested using the Vitek 2 system (bioMérieux, Madrid, Spain). No
significant differences were obtained between the recombinant and the wild-type strains
in any of the antibiotics tested in the study, presenting identical minimum inhibitory
concentrations (MICs).

2.4. Biofilm Formation Capacity

Considering the surface changes in the vesicles described previously, we were inter-
ested in studying whether the corresponding bacteria would have an altered ability to form
biofilms. Taking the parental strains as a reference, we conducted a biofilm formation assay
using the novel Shigella::eltb strains obtained in this study. Figure 6 shows that Shigella
strains that had incorporated the eltb gene exhibited significantly higher biofilm formation
rates (p < 0.01) compared to their parental strains. To demonstrate the implications of
the LTB protein, another assay was conducted using its natural receptor, GM1, which we
utilized as a blocker. The results showed a reduction in the amount of biofilm formed upon
the addition of GM1 to the medium in the strains expressing this protein, whereas no effect
was observed in the control strains.
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Figure 6. Biofilm formation assay results. (A) Comparison of biofilm formation among recombi-
nant and parental Shigella flexneri strains, showing significant increases in biofilm production for
the S. flexneri::eltb and S. flexneri AtolR::eltb strains (**, p < 0.01) compared to the parental strains.
(B) Evaluation of LTB involvement in biofilm formation, showing a significant decrease in biofilm
formation capacity after the addition of GM1, the natural receptor of LTB (*, p < 0.05), with no
significant differences observed in the parental strain (ns).

2.5. Cell Viability Assay

In order to evaluate the cytotoxicity of the vesicles, HeLa cells were treated with
different concentrations (ranging from 3 to 50 ug/mL) of OMV or HT-OMV products
derived from the different Shigella strains. Results showed no significant differences
between samples at 2 or 24 h of incubation. The cell viability was above 60% even at the
highest concentrations, increasing up to 90-100% as concentrations decreased (Figure 7).

2h 24 h
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Figure 7. Effect of OMVs and HT-OMVs on the mitochondrial activity (MTT assay) on HeLa cells.
Figures indicate the percentage (%) of mitochondrial activity after treatment for 2 or 24 h with
different concentrations of OMVs and HT-OMVs (ug/mL) compared to untreated cells. Experiment
was performed in triplicate. Error bars represent SEM.

3. Discussion

A combined vaccine against Shigella and ETEC is a priority strategy to face the leading
causes of diarrhea worldwide. Although the WHO has recently reaffirmed this strategy
and set the Preferred Product Characteristics (PPCs) for the vaccine [18,19], little effort
has been invested into developing a safe, single, multiepitope candidate [20]. To our
knowledge, only two oral live attenuated candidates have been developed and progressed
to Phase 1 clinical trials: CVD 12085-122, consisting of an attenuated S. flexneri 2a strain
expressing the ETEC colonization factor antigen-1 (CFA /1) and the LTB [21], and ShigETEC,
an oral live attenuated Shigella that contains the toxins LT and ST of ETEC [22]. Since the
LTA subunit is toxic, the B subunit of the enterotoxin is considered as the main component
in ETEC vaccination, demonstrating good safety and high immunogenicity in clinical
trials [20].
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In previous studies, we described novel OMV or H-OMVT products, obtained both
from wt or isogenic mutant S. flexneri AtolR strains, with increasing capacity to release
OMVs, which contain the main antigens of Shigella and are able to generate protective
antibody-mediated and cellular immune responses in mice [16,23]. Based on these previous
studies and with the aim of obtaining a multi-pathogen subunit vaccine against Shigella
and ETEC, here we engineered two novel S. flexneri strains inserting the eltb gene from
ETEC in the chromosome of Shigella as OMV-producing platforms. Thus, we present
different OMV products containing the main Shigells immunodominant proteins and the
LTB subunit of LT enterotoxin. To our knowledge, only one single study has developed a
Shigella strain containing LTB, but the protein was cloned on the large invasion plasmid of
S. flexneri to obtain an attenuated vaccine [22]. It has been described that Shigella invasion
plasmid is unstable and can be lost partially or even completely during in vitro culture
or environmental conditions [24], increasing the risk of losing the exogenous genes. For
that reason, an insertion which induces a constitutive expression of the LTB enterotoxin
is desired.

Here, the eltb insertion and following expression in both wt and AtoIR mutant Shigella
genomes was corroborated by GM1-ELISA, obtaining similar LTB expression between the
ETEC control strain and Shigella::eltb mutants. Furthermore, in this assay, we demonstrated
that LTB was detected in both bacterial the fraction and supernatant of the cells with no
significant differences, confirming that Shigella is able to release the acquired ETEC protein
from its cytosol. In ETEC, LTB has been described to be released by the Type II Secretion
System (T2SS) [25]; however, to date, this effector delivery system has only been described
in S. boydii and S. dysenteriae but not in S. flexneri [26], so the mechanism by which this toxin
is released requires further investigation.

Also, here we present two different procedures to obtain OMVs based on our previous
research: vesicles recovered from the culture medium after a chemical bacterial inactivation
process (from which we obtain native OMVs) or after a heat treatment (from which we
obtain HT-OMV product) both obtained from a wt or a AfolR mutant S. flexneri. Size
analysis of all the antigenic complexes corroborated that HT products are smaller than
native OMVs [15], and that AtoIR derived products are bigger than the ones from wt
strains [16]. Here, these results are consistent, with no significant differences compared to
the new eltb-containing vesicles, demonstrating that this insertion does not affect the size
of the OMVs.

Once the presence and production of LTB by wt and AtoIR Shigella strains was demon-
strated, we further investigated if the protein was present in vesicles. Previous proteomic
studies of the group already demonstrated that LTB could be found in the vesicles of
ETEC [27]. Accordingly, here we confirmed that OMVs and HT-OMVs produced by Shigella
mutant strains also contained the LTB protein (Figure 3).

Apart from the LTB presence, proteomic analysis of the different vesicle products
confirmed the conservation of the main outer membrane proteins of Shigella, such as
OmpA, OmpC, Slp, and IcsA, and other important virulence factors, including Ipa and
Vir proteins, involved in cell adhesion, invasion, and dissemination of the pathogen [28].
Interestingly, the study revealed that the insertion of the eltb gene in Shigella genome did
affect the expression levels of many of these proteins in the AtolR mutant strains. Thus, the
OMV /HTs derived from AtolR::elth Shigella strains presented significantly higher levels
of OmpA, with known immunomodulation properties and a main antigen component in
Shigella vaccine candidates [29].

Taking this together, the results indicate that eltb insertion may have an effect on
the protein content and membrane composition of S. flexneri. Accordingly, the effect of
this enterotoxin subunit on bacterial survival and virulence was evaluated. First, we
observed that the insertion did not affect bacterial viability and growth, showing the same
generation time compared to wt or mutant strains. Second, and based on the higher
capacity of ETEC to form biofilms compared to Shigella strains [30], we hypothesized
that the acquisition of the eltb gene could alter this property on the recombinant strains.
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Interestingly, results showed that eltb recombinant strains showed significantly higher
(p < 0.01) biofilm formation capacity compared to their parental strain (Figure 6A). LT has
been shown to facilitate ETEC pathogenesis by promoting initial adherence and colonization
of the intestinal mucosa [31,32]. It can bind simultaneously to both bacterial and host cell
surfaces, via LPS molecules on the bacterial side, and the GM1 ganglioside on the host side,
since its interaction with LPS occurs in a domain distinct from the GM1-binding site [33,34].
Although some studies suggest that the expression of LT holotoxin significantly enhances
adherence compared to the LTB subunit alone [35], our findings indicate that LTB alone
is sufficient to induce significant bacterial aggregation and adherence in vitro (Figure 6B),
effectively promoting biofilm formation, without causing toxicity.

However, since AtolR mutant also presented higher capacity of biofilm formation
than wt, other factors may also contribute to this function, such as the different protein
expression of the bacterial membrane, which is in accordance with the higher presence of
some proteins that promote the biofilm formation, such as IcsA, which are increased in the
mutant strains [36].

In this framework, LTB subunits have been widely used as adjuvants with various anti-
gens, enhancing antigen uptake and presentation to elicit a strong immune response that
boosts both humoral and cell-mediated immunity [37]. This versatility makes LTB particu-
larly valuable for our goal, that is, the oral administration, as it promotes a strong immune
response at mucosal surfaces, which are the primary defense against these enteropathogens.

Finally, in order to ensure the safety of the products and that the B subunit does not
increase toxicity, in vitro cell viability assays were performed. Results demonstrated that
all the samples elicited cell activation with no cytotoxic effect, confirming that the presence
of LTB on the OMYV antigenic complexes does not affect the viability of epithelial cells.

4. Materials and Methods
4.1. Bacterial Strains and Culture Conditions

The parental strains used in this study were Enterotoxigenic E. coli H10407 (ATCC
35401), Shigella flexneri 2a, a clinical isolate (“Clinica Universidad de Navarra”, Pamplona,
Spain), and a Shigella flexneri AtolR mutant previously developed by our research group [16].
Cryobeads (Microkit laboratories, Madrid, Spain) stored at —80 °C containing the strains
S. flexneri 2a, S. flexneri AtolR, S. flexneri::eltb, S. flexneri AtolR::eltb, and ETEC were incubated
on Tryptone Soy Agar (TSA, Scharlab, Barcelona, Spain) and subsequently on Tryptic Soy
Broth (TSB, Condalab, Madrid, Spain). Incubations were carried out at 37 °C with shaking
at 140 rpm for 24 h.

4.2. DNA Manipulations and Mutant Construction

Genomic sequences were obtained from the Kyoto Encyclopedia of Genes and Genomes
(KEGG). Primers were synthesized by Condalab (Madrid, Spain). DNA sequencing was
performed by Secugen (Madrid, Spain). Restriction enzymes were used according to the
manufacturer’s recommended conditions. Plasmid purification and genomic DNA extrac-
tion were carried out using the QIAprep Spin Miniprep Kit (Qiagen, Hilden, Germany) and
QIAamp DNA Mini Kit (Qiagen), respectively. DNA was purified from agarose gels using
the QIAquick Gel Extraction Kit (Qiagen).

To construct the recombinant LTB-producing S. flexneri strain, two PCR frag-
ments were generated: eltb-F1 5'- TCTCCGGCATGAAAACGATG-3' and eltb-R2
5'- ATGATATATAAGTTTTCCTCGAT-3/, amplifying a 176 bp fragment containing the
putative promoter of the eltab operon located 854 bp upstream of the eltb gene, and eltb-F3
5'-ATGATATATAAGTTTTCCTCGATCAGAATTCGGAATGAATTATGAA-3 and eltb-R4
5'-AGTATGGAAAACTAGTTTGC-3, which amplifies a 399 bp fragment corresponding to
the eltb gene present in the operon in the pLT plasmid.

After the amplification of the promoter and the eltb gene separately using the previ-
ously described primers, both fragments were joined via overlapping between primers
eltb-R2 and eltb-F3. The resulting product was cloned into the TOPO TA cloning vector



Int. J. Mol. Sci. 2024, 25, 12535

10 of 15

pCR2.1-TOPO (Invitrogen catalogue no. K4516-41) in Stellar cells on LB plates with X-
Gal and IPTG with ampicillin (100 pg/mL to select positive mutants). This plasmid was
sequenced in order to confirm the correct incorporation of the gene and subsequently
subcloned using the restriction enzymes BamHI and Xhol and the suicide plasmid pUC18
R6KT mini Tn7T-Km [38]. The resulting plasmid was introduced into S. flexneri 2a and S.
flexneri AtolR by electroporation. Screening for kanamyecin resistance was used to identify
transformants. Among the positive colonies, to confirm the presence of the gene, a PCR
was performed with the primers eltb-F1 and eltb-R4, which amplify a 575 bp fragment
in recombinant strains but do not hybridize in the parental Shigella strains, while in the
positive control ETEC, they amplify 1327 bp. Sequencing of the different plasmids con-
firmed the correct isolation and cloning of the eltb gene. The obtaining recombinant strains
S. flexneri::eltb and S. flexneri AtolR::eltb were stored at —80 °C in cryobeads (Microkit lab;
Madrid, Spain).

4.3. Production and Purification of Vesicles

In order to obtain OMVs, an inoculum of 108 CFU/mL of either parental or recombi-
nant strains were incubated in 10 mL of TSB at 37 °C, 140 rpm for 24 h. Subsequently, 3 mL
of the preculture was used to inoculate 3 L of TSB.

OMVs were collected after bacterial inactivation using BEI-FA (0.1 M BEA [2-
Bromoethylamine hydrobromide, Sigma] formaldehyde 0.06% [Panreac, Barcelona, Spain]),
as described previously [39]. Bacteria were then removed from the cultures by centrifuga-
tion at 6000 x g for 20 min and filtration through 0.22 um (Corning, New York, NY, USA).
The supernatants containing the vesicles were concentrated by tangential ultrafiltration
(polyethersulfone, 40 kDa). The retentate-containing vesicles were finally ultracentrifuged
(40,000x g, 75 min, 4 °C) and lyophilized.

HT-OMVs (heat-treated OMVs) were obtained after heat treatment of the bacterial
cultures (see above). Briefly, bacterial suspensions were steam flowed at 100 °C for 15 min.
Bacteria were removed and the supernatants containing HT-OMVs were recovered as
described above for OMVs. OMVs and HT-OMVs obtained were examined by transmission
electron microscopy (Zeiss LIBRA 120 EFTEM, Jena, Germany).

As a result, ten extracts containing vesicles were obtained: (i) OMVs and (ii) HT-OMVs
from ETEC; (iii) OMVs and (iv) HT-OMVs from S. flexneri 2a; (v) OMVs and (vi) HT-OMVs
from S. flexneri AtoIR; (vii) OMVs and (viii) HT-OMVs from S. flexneri::eltb; and (ix) OMVs
and (x) HT-OMVs from S. flexneri AtolR::eltb.

4.4. Size Distribution and Zeta-Potential of Vesicles

The size, size distribution, and zeta-potential of vesicles were measured using a
Malvern Zetasizer 2000 instrument (Malvern Instruments, Malvern, UK). The lyophilized
samples were resuspended in deionized water, pH 7. The results were analyzed using
the software ZS Xplorer (version 4.0.0). The Zetasizer measures the size distribution in a
population, reflecting peaks in this distribution in nm. The experiment was performed
in triplicate.

4.5. Growth Curves

The characteristics of the bacterial growth curve pattern of the parental and recom-
binant strains were obtained using Bioscreen C (Lab Systems, Lilydale, VIC, Australia)
following the method previously described by Zuiiiga-Ripa et al. [40]. Briefly, 200 uL/well
of bacterial suspension on TSB (O.D.¢pp nm 0f 0.1) was inoculated on a Bioscreen C multi-well
plate, with continuous shaking, at 37 °C. Absorbance values (O.D.589 nm) were automatically
read at regular intervals of 10 min for 22 h. The generation time (G) was calculated from the
slope of the nonlinear regression curve (k) for each sample using the following equation:

G =In@)/k.

Wells containing only culture medium were used as controls.
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4.6. Proteomic Analysis

Proteome analysis was performed by mass spectrometry to identify proteins from
OMVs and HT-OMVs obtained from parental or mutant strains, from three independent
batches. Briefly, samples were resuspended in a lysis buffer [8 M urea, 50 mM dithiothreitol
(DTT)], diluted in Laemmli sample buffer (2% SDS, 10% glycerol, 5% 2-mercaptoethanol,
0.002% bromophenol blue, and 0.125 M Tris HCI, pH 6.8) and loaded into a 1.5 mm-thick
polyacrylamide gel with a 4% stacking gel casted over a 12.5% resolving gel. Bands were
stained with Coomassie Brilliant Blue, excised from the gel, and protein enzymatic cleavage
was carried out with trypsin (Promega; 1:20, w/w, Alexandria, NSW, Australia) at 37 °C
for 16 h, as previously described [41]. Purification and concentration of peptides was
performed using C18 Zip Tip Solid Phase Extraction (Millipore, Burlington, MA, USA).

Dried peptide samples were reconstituted with 2% ACN-0.1% FA (Acetonitrile-Formic
acid), spiked with internal retention time peptide standards (iRT, Biognosys, Schlieren,
Switzerland), and quantified with a NanoDropTM spectrophotometer (Thermo Fisher Sci.,
Waltham, MA, USA) prior to LC-MS/MS analysis using an EVOSEP ONE system coupled
to an Exploris 480 mass spectrometer (Thermo Fisher Sci.). Peptides were resolved using
C18 Performance column (75 pm x 15 cm, 1.9 um particles; Evosep, Odense, Denmark)
with a predefined Xcalibur Whisper100 20 SPD (58 min, IonOpticks, Aurora Elite, EV1112,
Collingwood, VIC, Australia) method. Peptides were ionized using 1.6 kV spray voltage
at a capillary temperature of 275 °C. Sample data were acquired in data-independent
acquisition (DIA) mode with full MS scans (scan range: 400 to 900 m/z; resolution: 60,000;
maximum injection time: 22 ms; normalized AGC target: 300%) and 24 periodical MS/MS
segments applying 20 Th isolation windows (0.5 Th overlap: Resolution: 15,000; maximum
injection time: 22 ms; normalized AGC target: 100%). Peptides were fragmented using a
normalized HCD collision energy of 30%.

Mass spectrometry data files were analyzed using Spectronaut (Biognosys, Schlieren,
Switzerland) by direct DIA analysis (dDIA). MS/MS spectra were searched against the
Uniprot proteome reference from ETEC E. coli H10407 plus S. flexneri database using
standard settings. Carbamidomethyl (C) was set as a fixed modification, and oxidation (M),
acetyl (protein N-term), deamidation (N), and GIn-> pyro-Glu as variable modifications for
total protein analysis.

Proteins quantified with at least two unique peptides, a p-value lower than 0.05,
and an absolute fold change of <1 or >1 in linear scale were considered significantly
differentially expressed.

4.7. Analysis of LTB Protein Presence

To verify the expression of the eltb gene and consequent presence of the LTB product
in different fractions (bacteria and supernatants), a GM1 capture-ELISA was performed.
It was carried out on a 96-well plate (Maxisorb; Nunc, Wiesbaden, Germany), coated
with 100 pL of ganglioside GM1 (Sigma-Aldrich, Misuri, MO, USA) at 0.5 pg/mL in PBS
at room temperature overnight. The plates were subsequently washed four times with
PBS-Tween 0.05%. Non-specific binding sites were blocked with 5% milk in PBS for 1 h at
room temperature. After washing, the different samples diluted in PBS were added, and
the microplates were incubated at 37 °C for 2 h. The protein bound to the receptor was
detected using a rabbit anti-LT (A + B) antibody (ab188541, Abcam, Cambridge, UK) at
1:8000 in PBS for 4 h, followed by a secondary anti-rabbit IgG conjugated with alkaline
phosphatase (1:1000 in PBS, Nordic-MUbio, Susteren, The Netherlands). Finally, plates
were revealed with an H,O, /4-Chloro-1-naphthol solution and absorbance was measured
at 405 nm (Multiskan EX microplate photometer). Cholera toxin (0.1 ug/mL) was used as
positive control (Sigma, St. Louis, Misuri, MO, USA).

4.8. Analysis of Biofilm Formation and LTB Implications

To evaluate the in vitro biofilm-formation capacity of the recombinants S. flexneri::eltb
and S. flexneri AtolR::eltb, a previously established biofilm quantification method was
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used [42]. The strains (S. flexneri, S. flexneri AtolR, S. flexneri::elth, S. flexneri AtolR::eltb) were
incubated on TSA plates at 37 °C for 24 h. Colonies were collected to inoculate TSB and
adjusted to O.D.4gonm 0.125, from which 100 uL were used to inoculate 900 puL of TSB in
24-well plates (Corning®) and incubated at 37 °C for 2 days, changing the medium at 48 h.
After this period, the wells were washed three times with PBS and dried at 60 °C for 1 h.
Then, 1 mL of crystal violet was added to each well and incubated for 15 min at room
temperature. After washing the wells five times with PBS, the crystal violet associated
with the biofilms was extracted with 1 mL of alcohol-acetone (8:2). Quantification was
performed by measuring absorbance at 550 nm in a spectrophotometer (Multiskan EX
microplate photometer).

Subsequently, to evaluate the influence of the LTB protein on biofilm formation, the
experiment was repeated with S. flexneri 2a and S. flexneri::eltb strains by adding 50 uL of
GML1 at a concentration of 0.5 ug/mL in PBS to the wells. The plates were incubated for
4 days to promote a higher rate of biofilm formation. The rest of the procedure was the
same as above.

4.9. Viability of Treated HeLa Cells

Hel a cells were maintained at subconfluence in 95% air and 5% CO, humidified atmo-
sphere at 37 °C. Complete RPMI medium supplemented with L-Glutamine (Gibco), 10% of
fetal bovine serum (Gibco), and penicillin (10,000 units/mL)-streptomycin (10,000 g/mL)
solution (Gibco) was used for maintenance. The MTT assay was used to measure cytotoxi-
city induced by the bacterial vesicles. Briefly, Hela cells (10* cells/well) were incubated
in 96-well flat bottom microplates (Falcon) for 24 h in complete RPMI medium. Cells
were then treated with different concentrations (3.13-100 pg/mL) of OMVs or HT-OMVs
from S. flexneri 2a, S. flexneri AtolR, S. flexneri::eltb, S. flexneri AtolR::eltb and incubated for
2 or 24 h. A mixture of 25 puL. of MTT solution and 225 uL. of RPMI medium was added
and following 4 h of incubation, supernatants were removed, and 200 pL of pure DMSO
(Panreac, Barcelona, Spain) was added to samples. Absorbance was measured at 540 nm
(Thermo Scientific, Waltham, MA, USA).

4.10. Statistics

Statistical analyses were performed using GraphPad Prism9® software (San Diego,
CA, USA). All statistical significance analyses were carried out using the parametric one-
way ANOVA test or the non-parametric Mann—-Whitney U test as required. p values of
<0.05 were considered to be statistically significant.

5. Conclusions

Here we present two novel Shigella strains, inserting a constitutive eltb gene from
ETEC, as vectors to obtain OMV antigenic complexes containing both Shigella and ETEC
antigens with the potential capacity to protect against both pathogens. Previous vaccine
candidates targeting Shigella and ETEC have provided valuable insights into the develop-
ment of protective strategies, such as live-attenuated vaccines like WRSS1 [43] for Shigella
and the use of adjuvants like dmLT in ETEC vaccines. However, many of these candidates
face challenges, including limited serotype coverage, the need for co-administration with
adjuvants, and issues with stability and scalability. The OMV-based vaccine platform,
incorporating LTB from ETEC, offers a novel approach that may overcome these limitations
by providing broader protection and enhanced immunogenicity, while also ensuring ease
of production and stability in resource-limited settings [44]. The newly engineered OMV
vaccine candidates are not cytotoxic and express the main immunomodulatory and viru-
lence factors of Shigella, with a similar expression level of LTB found in ETEC. This work
shows for the first time the effectiveness of the genomic recombination of eltb in Shigella,
obtaining a constitutive expression of the subunit nontoxic LTB as a potential OMV-based
multiepitope vaccine platform against ETEC and S. flexneri, but also against other Shigella
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species like S. sonnei [23] in line with WHO recommendations. Further immunogenicity
studies in animal models will be required for validation of the vaccine candidate.
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