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Abstract Antimicrobial resistance (AMR) poses a significant threat to human health. Although 
vaccines have been developed to combat AMR, it has proven challenging to associate specific 
vaccine antigens with AMR. Bacterial plasmids play a crucial role in the transmission of AMR. 
Our recent research has identified a group of bacterial plasmids (specifically, IncHI plasmids) that 
encode large molecular mass proteins containing bacterial immunoglobulin- like domains. These 
proteins are found on the external surface of the bacterial cells, such as in the flagella or conju-
gative pili. In this study, we show that these proteins are antigenic and can protect mice from 
infection caused by an AMR Salmonella strain harboring one of these plasmids. Furthermore, we 
successfully generated nanobodies targeting these proteins, that were shown to interfere with 
the conjugative transfer of IncHI plasmids. Considering that these proteins are also encoded in 
other groups of plasmids, such as IncA/C and IncP2, targeting them could be a valuable strategy 
in combating AMR infections caused by bacteria harboring different groups of AMR plasmids. 
Since the selected antigens are directly linked to AMR itself, the protective effect extends 
beyond specific microorganisms to include all those carrying the corresponding resistance 
plasmids.
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This important and novel study addresses the challenge of antimicrobial resistance by targeting 
plasmid proteins that interfere with plasmid transfer as a strategy to limit the spread of antibiotic- 
resistance genes. The evidence presented and the integration of two approaches to tackle anti-
microbial resistance is convincing. This work will interest those working on plasmid transfer and 
antimicrobial resistance.

RESEARCH ARTICLE

*For correspondence: 
ajuarez@ub.edu
†These authors contributed 
equally to this work

Competing interest: The authors 
declare that no competing 
interests exist.

Funding: See page 18

Preprint posted
12 December 2023
Sent for Review
03 January 2024
Reviewed preprint posted
08 May 2024
Reviewed preprint revised
19 June 2024
Version of Record published
24 July 2024

Reviewing Editor: María 
Mercedes Zambrano, CorpoGen, 
Colombia

   Copyright Prieto, Miró 
et al. This article is distributed 
under the terms of the Creative 
Commons Attribution License, 
which permits unrestricted use 
and redistribution provided that 
the original author and source 
are credited.

https://en.wikipedia.org/wiki/Open_access
https://creativecommons.org/
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://doi.org/10.7554/eLife.95328
mailto:ajuarez@ub.edu
https://doi.org/10.1101/2023.12.12.571265
https://doi.org/10.7554/eLife.95328.1
https://doi.org/10.7554/eLife.95328.2
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


 Research article      Microbiology and Infectious Disease

Prieto, Miró et al. eLife 2024;13:RP95328. DOI: https://doi.org/10.7554/eLife.95328  2 of 23

Introduction
Despite the availability of antibiotics, bacterial infectious diseases are the second leading cause of 
death worldwide (Morens et al., 2004; Murray et al., 2022). The gradual increase in the resistance 
rates of several important bacterial pathogens represents a serious threat to public health (Meyer 
et al., 2010; Rossolini et al., 2007; Spellberg et al., 2008). In 2019, up to 495 million deaths could 
be associated with AMR (Murray et al., 2022).

Plasmids can confer resistance to the major classes of antimicrobials (Carattoli, 2009). Their trans-
mission by horizontal gene transfer (HGT) is largely underlying the dissemination of AMR genes, espe-
cially in Gram- negative bacteria (Carattoli, 2013; Thomas and Nielsen, 2005; Wang et al., 2015), 
but also in Gram- positive bacteria (Vrancianu et al., 2020). Among the various methods utilized for 
classifying plasmids, grouping them into incompatibility groups (Inc) is a well- established and exten-
sively employed approach (Novick and Richmond, 1965).

The incompatibility group HI includes plasmids that are widespread in the Enterobacteriaceae. 
These plasmids frequently include genetic elements that encode multiple AMR determinants (Phan 
and Wain, 2008). IncHI- encoded AMR can be present in enterobacteria such as Salmonella (Phan and 
Wain, 2008), Escherichia coli (Forde et al., 2018), Klebsiella pneumoniae (Villa et al., 2012), and 
Citrobacter freundii (Dolejska et al., 2013). Several Salmonella isolates harbor IncHI plasmids, with 
those of the IncHI2 subgroup prevailing in antibiotic- resistant Salmonella isolates. In S. enterica sero-
type Typhi, over 40% of isolates are found to carry an IncHI plasmid (Holt et al., 2011). Recent reports 
have shown a novel role of IncHI plasmids in AMR spread. Colistin is a last- resort antibiotic for the 
treatment of severe infections (Lim et al., 2010). Plasmid- mediated resistance, conferred by the mobi-
lized colistin resistance gene (mcr- 1), has emerged recently. Approximately 20% of global isolates 
carrying the mcr- 1 gene are associated with an IncHI2 plasmid, and this percentage escalates to 41% 
when considering exclusively European isolates (Matamoros et al., 2017). Of special concern is the 
presence of the mcr- 1 resistance determinant in enterobacterial isolates carrying carbapenem resis-
tance genes, such as blaNDM and blaKPC. The combination of these AMR determinants can seriously 
compromise the treatment of infections caused by virulent strains harboring these plasmids (Wang 
et al., 2017; Zheng et al., 2016). An example of this is the recent report of an AMR clone of the highly 
virulent E. coli ST95 lineage (Forde et al., 2018). E. coli ST95 clones cause neonatal meningitis and 
sepsis. They are usually sensitive to several antibiotics. This AMR clone harbors an IncHI2 plasmid that 
carries, among other factors, genes encoding determinants of resistance to colistin and multiple other 
antibiotics (including the extended- spectrum beta- lactamase blaCTX- M- 1 gene cluster). The spread of 
such an AMR ST95 clone could pose a threat to human health worldwide (Forde et al., 2018).

The R27 plasmid is the best- studied IncHI1 plasmid. It harbors the Tn10 transposon, which confers 
resistance to tetracycline. The R27 replicative and conjugative machineries have been studied in detail 
(Lawley et al., 2003; Lawley et al., 2002) and its complete nucleotide sequence is known (Sher-
burne et al., 2000). A newly reported feature of IncHI plasmids is that they code for large molecular 
mass proteins that contain bacterial Ig- like (Big) domains (Hüttener et al., 2019). Bacterial proteins 
containing Big domains play different roles in the cell. Some fimbrial subunits, adhesins, membrane 
transporters, and enzymes contain Big domains (as reviewed in Bodelón et al., 2013). The IncHI1 
plasmid R27 encodes the rsp and rsp2 genes which code respectively for the 155.4 kDa RSP and 
86.75 kDa RSP2 proteins. These proteins interact and target both the flagella and the conjugative 
pili to favor conjugation (Hüttener et al., 2022). Big proteins are also encoded at least by two other 
groups of plasmids (IncA/C and IncP2) (Hüttener et al., 2022). Due to their extracellular location, 
these plasmid- encoded Big proteins could be considered as valuable antigens to combat antimicro-
bial resistance.

Functional heavy- chain- only antibodies (HCAbs) were discovered nearly 30 years ago in the serum 
of camelids (Hamers- Casterman et al., 1993). HCAbs lack both the light chains and the first constant 
CH1 domain within the heavy chain. The variable domain of HCAbs, also termed VHH for VH of 
HCAb, represents the smallest antigen- binding unit that occurs in nature (Muyldermans, 2013). The 
VHH domains can be expressed in recombinant form as highly stable single- domain Ab fragments 
of ~14 kDa, also termed Nanobodies (Nbs), which exhibit high affinity and specificity to its cognate 
antigens and unique recognition of cryptic epitopes not recognized by conventional Abs (Muylder-
mans, 2013). Nbs can be easily produced in bacteria and other microbial cultures, and used in multiple 
diagnostic and therapeutic applications, including bacterial infections (Muyldermans, 2021).

https://doi.org/10.7554/eLife.95328
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In this study, our objective was to investigate the potential of the recently discovered Big proteins 
encoded by IncHI plasmids as targets for combating antibiotic resistance. Our research focused on 
two key aspects. First, we examined the efficacy of the RSP protein as a vaccine antigen in providing 
protection against infections caused by resistant bacteria carrying an IncHI plasmid. The results 
obtained confirmed the efficacy of the RSP protein as a vaccine antigen. Furthermore, we also gener-
ated RSP- specific Nbs and showed that they can interfere with the conjugative transfer of the R27 
plasmid. Hence, the use of antigens that are directly linked to AMR determinants can be effective in 
combating infections caused by AMR bacteria.

Results
Ampicillin protects mice from infection with the S. Typhimurium SL1344 
(WT) strain, but not from infection with the S. Typhimurium SL1344 
(pHCM1) strain
Considering the prevalence of IncHI plasmids in Salmonella, and the use of S. Typhimurium infection in 
mice as a model for Salmonella infection, we employed a mouse infection model to validate the RSP 
protein as a vaccine antigen against an antibiotic- resistant Salmonella strain. For antibiotic treatment, 
we specifically selected ampicillin (Amp) due to its established efficacy in reducing the symptoms of 

Figure 1. Infection of mice with the S. Typhimurium SL1344 and S. Typhimurium (pHCM1) strains. Survival rate (A), body weight evolution (B), disease 
index (C), and proinflammatory cytokine expression in spleen, Il- 6 (D), Il- 1β (E), and Tnf-α (F). Groups treated with ampicillin (Amp) are indicated with + 
Amp. In panel (A), the survival rate of control animals and those infected with the S. Typhimurium SL1344 (WT) strain and treated with Amp, are 100%. 
Animals infected with the S. Typhimurium (pHCM1) strain have the same survival rate independently of the treatment with Amp. Results are expressed 
as mean ± SEM (n=6–8 animals). Means without a common letter differ, p<0.05. The survival rates were compared by Log- rank (Mantel- Cox) test and 
expressed as the percentage of survival. Body weight evolution was analyzed by means of repeated measures ANOVA. Disease indices are expressed 
as median values and quartiles, and were compared by the Kruskal- Wallis test. The expression of cytokines were analyzed by using one- way analysis of 
variance (ANOVA) followed by Fisher’s least significant difference (LSD) post hoc test.

The online version of this article includes the following source data for figure 1:

Source data 1. The Excel file containing numerical source data of the results is shown in Figure 1.

https://doi.org/10.7554/eLife.95328
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Salmonella infection in mice (Butler et al., 1981; 
Rossi et al., 2017). For our study, we chose the 
IncHI plasmid pHCM1, which harbors an Amp 
resistance gene.

We first established that both Salmonella 
strains used (WT and pHCM1) were capable of 
infecting mice, and that only the plasmid- bearing 
strain was antibiotic resistant. Infection with the 
Salmonella strain SL1344 (WT) reduced the survival 
rate of the mice by about 40% (Figure 1A, Figure 
1—source data 1), while the addition of Amp 
increased the survival rate of these animals. On 
the other hand, Amp treatment did not change 
the survival of mice infected with strain SL1344 
(pHCM1).

In antibiotic- naive mice infected with either 
SL1344 (WT) or SL1344 (pHCM1) strains, gradual 
weight loss, and clinical signs of disease were 
observed (Figure  1B and C, Figure 1—source 
data 1). However, Amp treatment only amelio-
rated these symptoms in mice infected with the 
SL1344 (WT) strain, showing no effect on those 
infected with the SL1344 (pHCM1) strain. Addi-
tionally, infection with both Salmonella strains led 
to an upregulation of proinflammatory cytokines 
in the spleen (Figure  1D, E and F, Figure 1—
source data 1). Amp treatment in mice infected 
with the SL1344 (WT) strain prevented this 
increase in cytokine expression.

Immunization of mice with the RSP 
protein
We then purified the RSP protein and employed 
it as a vaccine antigen to evaluate its efficacy in 
protecting mice against infection caused by the S. 
Typhimurium SL1344 strain carrying the pHCM1 
plasmid. To prevent the recurrence of infection 
by SL1344 clones that spontaneously cured the 
pHCM1 plasmid in the absence of Amp, we main-
tained the antibiotic treatment in the immunized 
animals.

The immunization process did not have a signif-
icant impact on the body weight progression of 
the mice (Figure 2A, Figure 2—source data 1). 

Figure 2. Effect of immunization with the RSP protein 
on body weight evolution (A) and immunoglobulin 
concentration (B–I). Grey symbols represent non- 
immunized (No- Imm) mice; black symbols represent 

Figure 2 continued on next page

immunized (Imm) mice. Results are expressed as mean 
± SEM (n=6–8 animals). IgA, immunoglobulin A; IgG, 
immunoglobulin G; nd, non- detected. Means without a 
common letter differ, p<0.05. Data were analyzed with 
Student’s t- test.

The online version of this article includes the following 
source data for figure 2:

Source data 1. The Excel file containing numerical 
source data of the results is shown in Figure 2.

Figure 2 continued

https://doi.org/10.7554/eLife.95328
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Although the overall concentration of total serum IgG remained unchanged following immunization 
(Figure 2B, Figure 2—source data 1), there was a substantial increase in the levels of specific IgG 
antibodies against the RSP protein (Figure 2C, Figure 2—source data 1). In terms of intestinal IgA, 
immunization resulted in an elevated concentration of total IgA in both the jejunum content and feces 
(Figure 2D and H, respectively, Figure 2—source data 1), while not affecting its presence in the colon 
(Figure 2F, Figure 2—source data 1). Moreover, immunization led to enhanced production of specific 
IgA antibodies against the RSP protein in all three tissue types (intestinal contents Figure 2E; colon 
contents Figure 2G; and feces Figure 2I, Figure 2—source data 1).

Effects of immunization of mice on the infection caused by the S. 
Typhimurium SL1344 (pHCM1) strain
Survival, body weight evolution, and clinical signs
Infection with the SL1344 (pHCM1) strain resulted in a decrease in the survival rate of mice and an 
approximate 20% reduction in their body weight after 6 days of infection. Additionally, it led to an 
increase in the manifestation of clinical signs associated with infection (Figure 3, Figure 3—source 
data 1). However, immunization significantly improved the survival rate of mice and reduced the inci-
dence of clinical signs in infected animals.

Intestinal effects of immunization with the RSP protein and challenge with 
the SL1344 (pHCM1) strain
Immunization with the RSP protein increased the secretion of total IgA into the lumen of the jejunum 
and colon (Figure 4A and B, Figure 4—source data 1), while reducing its concentration in feces 
(Figure 4C, Figure 4—source data 1). Furthermore, immunization with the RSP protein led to an 
elevated presence of specific IgA antibodies against the RSP protein in all three samples (Figure 4D–F, 
Figure 4—source data 1), with even higher levels observed in infected animals in the case of fecal 
content. Regarding the expression of proinflammatory cytokines, infection with the SL1344 (pHCM1) 
strain resulted in increased expression of all three cytokines analyzed (Figure 4G–I, Figure 4—source 
data 1) both in immunized and non- immunized animals. In the case of Tnf-α, immunization also 
increased its expression.

Systemic effects of immunization with the RSP protein and challenge with 
the SL1344 (pHCM1) strain
The immunization protocol also resulted in an increase in the concentration of total IgG at the systemic 
level (Figure 5A, Figure 5—source data 1), while infection with the SL1344 (pHCM1) strain reduced 
it. Additionally, immunization also led to an elevated concentration of specific anti- RSP IgG in the 

Figure 3. Survival rate (A), body weight change (B), and clinical signs (C) after challenge with the SL1344 (pHCM1) strain. Grey symbols represent non- 
immunized (No- Imm) mice; black symbols represent immunized (Imm) mice. In panel B, results are expressed as mean ± SEM (n=12–14 animals). Means 
without a common letter differ, p<0.05. The survival rates were compared by Log- rank (Mantel- Cox) test and expressed as the percentage of survival. 
Disease indices are expressed as median values and quartiles, and were compared by the Kruskal- Wallis test.

The online version of this article includes the following source data for figure 3:

Source data 1. The Excel file containing numerical source data of the results is shown in Figure 3.

https://doi.org/10.7554/eLife.95328
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Figure 4. Immunoglobulin concentration and cytokine expression in the gastrointestinal tract after RSP immunization and challenge with Salmonella. 
Total IgA concentration in jejunum content (A), in colon content (B), and in feces (C). RSP- specific IgA titers in jejunum content (D), in colon content (E), 
and in feces (F). Il- 1β (G), Il- 6 (H), and Tnf-α (I) expression in colon mucosa. Open bars represent non- immunized (Non- Imm) mice; solid bars represent 
immunized (Imm) mice. Results are expressed as means ± SEMs (n=10–12 animals). Means without a common letter differ, p<0.05. IgA, immunoglobulin 
A; IgG, immunoglobulin G; Il, interleukin; Int, the interaction between both factors; Tnf-α, tumor necrosis factor- alpha. All data were analyzed using two- 
way ANOVA (Immunization and infection factors).

The online version of this article includes the following source data for figure 4:

Source data 1. The Excel file containing numerical source data of the results is shown in Figure 4.

https://doi.org/10.7554/eLife.95328
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Figure 5. Immunoglobulin concentration, spleen weight, Salmonella counts in spleen tissue, and cytokine expression in spleen tissue after immunization 
with the RSP protein and challenge with the SL1344 (pHCM1) strain. Total IgG concentration (A) and RSP- specific IgG titers (B) in plasma. Spleen 
weight (C) and Salmonella counts in spleen tissue (D). Il- 1β (E), Il- 6 (F) and Tnf-α (G) expression in spleen tissue. Results are expressed as means ± SEMs 
(n=12–14 animals). Means without a common letter differ, p<0.05. IgA, immunoglobulin A; IgG, immunoglobulin G; Il, interleukin; nd, non- detected; 
Tnf-α, tumor necrosis factor- alpha. All data were analyzed using two- way ANOVA (Immunization and infection factors).

The online version of this article includes the following source data for figure 5:

Source data 1. The Excel file containing numerical source data of the results is shown in Figure 5.

https://doi.org/10.7554/eLife.95328
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serum (Figure  5B, Figure 5—source data 1), which remained unaffected after infection with the 
SL1344 (pHCM1) strain. Following bacterial challenge, the spleen weight increased nearly threefold 
in non- immunized mice (Figure 5C, Figure 5—source data 1). In contrast, immunized mice exhib-
ited a significantly lower increase in spleen weight. Furthermore, animals infected with the SL1344 
(pHCM1) strain displayed Salmonella colonization in the spleen (Figure 5D, Figure 5—source data 1), 
which was significantly reduced in immunized animals. Regarding the expression of proinflammatory 
cytokines in the spleen, Salmonella infection upregulated the expression of all cytokines evaluated 
(Figure 5E–G, Figure 5—source data 1). Immunization partially mitigated this effect on Il- 1β and 
Tnf-α expression.

Selection of nanobodies with neutralizing activity against the RSP 
protein
Given the protective effect against Salmonella infection observed in mice immunized with the RSP 
protein, we wondered whether we could obtain specific antibodies against RSP that could directly 
interfere with its biological activity in the conjugative transfer of IncHI plasmids. We chose nanobodies 
as ideal candidates to block RSP activity given their small size, stability, and high affinity to antigens, 
and their therapeutic potential against infections. Interestingly, nanobodies can also be expressed 
on the surface of E. coli fused to the initial 654 amino acids of the enterohemorrhagic E. coli intimin 
protein, termed Neae (Bodelón et al., 2009), comprising the N- terminal signal peptide, the peri-
plasmic LysM domain, the β-barrel for outer membrane insertion, and the extracellular Big domains 
D00 and D0 (Fairman et al., 2012). Expression of Neae- Nb fusions represents an efficient bacterial 
display system for their selection of Nbs binding a target antigen from VHH gene libraries employing 
E. coli cell sorting methods with the labeled antigen (Salema et al., 2013; Salema and Fernández, 
2017). In addition, Neae- Nb fusions expressed in E. coli promote synthetic cell- to- cell adhesions 
mediated by the specific recognition of a surface antigen in the target cell (Glass and Riedel- Kruse, 
2018; Piñero- Lambea et al., 2015).

In order to obtain Nbs that specifically bind the extracellular domain of the RSP protein, we immu-
nized two dromedaries with the last 280 residues of the C- terminal domain of the RSP protein. After 
immunization, peripheral blood lymphocytes from these animals were isolated and the VHH gene 
segments were amplified and cloned in the display vector pNeae2 (Robledo et al., 2022; Salema 
et al., 2013), which encodes the Neae intimin fragment under the control of the IPTG- inducible lacI- 
Plac promoter region. A library of approximately 1×108 clones was obtained by electroporation of E. 
coli DH10BT1R strain with the products of the ligated pNeae2- VHH. Bacteria in the library were grown 
in liquid culture and induced with IPTG. Induced bacteria binding the C- domain of RSP were selected 
by incubation with the purified protein labeled with biotin, following iterative steps of magnetic cell 
sorting (MACS) and fluorescence- assisted cell sorting (FACS) (Materials and methods). After the final 
sorting step (Figure 6A), the selected pool of bacteria was grown on LB- agar plates. 96 colonies 
were randomly picked from these plates, grown in liquid, and induced with IPTG to evaluate the Nb 
display levels on the bacterial surface and their binding capability to the biotinylated C- domain of the 
RSP protein by flow cytometry (Figure 6B). The VHH sequences from clones with specific binding to 
purified RSP were determined, which allowed us to identify seven different Nbs (Figure 6—figure 
supplement 1).

Selection of Nb clones displayed on E. coli that agglutinate with the S. 
Typhimurium SL1344 (R27) strain
For selection of Nbs binding native RSP expressed on Salmonella cells, we took advantage of the 
specific adhesion observed between E. coli cells with displayed Nbs and bacteria having the target 
antigen accessible on their surface, which leads to the agglutination of mixed bacterial cultures (Glass 
and Riedel- Kruse, 2018; Robledo et al., 2022).

We initially evaluated the agglutination capability of the seven different clones obtained in the 
enrichment protocol of the immune library, from strain E. coli DH10BT1R, each carrying a pNeae2- VHH 
derivative expressing RSP- specific Nbs, against the S. Typhimurium SL1344 (R27) strain. To achieve 
this, we cultured the Salmonella strain in LB medium to an OD600 nm of 2. Following centrifugation, 
cells were resuspended in PBS and mixed with an equal volume of a culture of the different E. coli 
DH10BT1R clones displaying the different sets of RSP- specific Nbs. Only one of the clones tested (Nb 

https://doi.org/10.7554/eLife.95328
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Figure 6. Selection of RSP- binding Nbs from immune libraries displayed on the surface of E. coli. (A) Flow cytometry analysis of the enrichment of 
bacterial population displaying Nb libraries generated after the immunization of dromedaries with the C- terminal domain of the RSP protein. Three 
rounds of selection with the RSP protein by magnetic cell sorting (MACS) and one round of fluorescence- activated cell sorting (FACS) were performed, 
in which bacteria were incubated with 50 nM of biotin- labeled RSP (or 100 nM of fibrinogen used as a specificity control) and stained with Streptavidin- 
APC. (B) Flow cytometry of the individual bacterial clones selected from the immune library. The bacterial surface display of the corresponding 
nanobody was detected using an anti- c- myc monoclonal antibody. The binding of biotin- labeled antigens to Nbs displayed on bacteria was performed 
with the incubation of bacterial cells with 50 nM of biotin- labeled RSP.

The online version of this article includes the following figure supplement(s) for figure 6:

Figure supplement 1. Amino acid sequence alignment of the selected VHHs after the magnetic cell sorting (MACS) and fluorescence- assisted cell 
sorting (FACS) enrichment protocol of the bacterial library generated after the immunization of two dromedaries with the RSP protein.

https://doi.org/10.7554/eLife.95328
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3) showed the ability of agglutinating the S. Typhimurium SL1344 (R27) strain (Figure 7A). Next, we 
inspected this phenomenon using electron microscopy (Figure 7B, Figure 7—source data 1). The 
presence of the R27 plasmid dictated the formation of clumps between the SL1344 strain and E. coli 
DH10BT1R (pNeae2 VHH- RSP #3). In contrast, no clumps or aggregates were observed when the 
plasmid- free SL1344 or the SL1344 (R27 Δrsp) strains were used.

To further characterize this clone, the corresponding VHH gene was cloned in the mammalian 
expression vector pIgΔCH1 (Casasnovas et al., 2022), which allows the fusion of the selected Nb 
domain to the Fc region of human IgG1. The corresponding Nb3- Fc protein fusion was purified from 
culture supernatants of transfected Expi293F cells (Figure 8A, Figure 8—source data 1 and 2), and 
its binding capacity to the RSP protein was analyzed by ELISA. The results indicated that this Nb3- Fc 

Figure 7. Analysis of the interaction of the VHH- RSP#3 isolated in the immune library with the native RSP protein at a macro and microscopic level. (A) 
Assay of the ability of E. coli DH10BT1R cells expressing nanobodies on its surface to agglutinate cells of the S. Typhimurium SL1344 (R27) strain. Blue 
arrow marks the aggregation of bacteria after the interaction of E. coli cells producing nanobodies directed against the RSP protein (VHH- RSP #3) and 
Salmonella cells harboring the R27 plasmid. (B) Transmission electron microscopy imaging mixtures of E. coli DH10BT1R cells expressing nanobodies 
against the RSP protein on its surface and cells of the S. Typhimurium SL1344 strain, harboring or not the R27 plasmid. The studies were performed by 
labeling the nanobodies- producing bacteria (E. coli DH10BT1R) with a mouse antibody anti c- myc- tag and goat anti- mouse IgG conjugated to 12 nm 
gold particles. Blue bars represent 1 μm while black bars represent 2 μm.

The online version of this article includes the following source data for figure 7:

Source data 1. Full- length images of transmission electron microscopy pictures shown in Figure 7B.

https://doi.org/10.7554/eLife.95328
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presented a high affinity for binding to the RSP protein, showing an apparent equilibrium dissociation 
constant (KD) in the picomolar range (~44 pM) (Figure 8B, Figure 8—source data 3).

Interference of E. coli displaying Nb-RSP #3 strain on the conjugation 
of the R27 plasmid from the Salmonella Typhimurium SL1344 strain
Our objective was to investigate whether the E. coli surface expression of the Nb- RSP #3 would be 
able to interfere with the conjugation process of the R27 plasmid from the SL1344 Salmonella strain 
(donor) to the SL1344 ibpA::lacZ- Kmr derivative (recipient). To prevent that the Nbs produced by the 
E. coli DH10BT1R (pNeae2 VHH- RSP #3) were titrated out by an excess of SL1344 (R27) donor cells, 
we planned a conjugation experiment with a low number of donor cells (103 cfu) mixed with an abun-
dance of recipient cells (SL1344 ibpA::lacZ- Kmr) (106 cfu), along with an excess of cells corresponding 
to the E. coli strain displaying Nb- RSP #3 (107 cfu).

Considering the known conjugation frequency of the R27 plasmid in Salmonella at 25 °C, which is 
approximately 10–3, and the low number of donor cells used in our experiment, we chose specific time 
intervals of 24, 36, and 48 hr following the mating process to detect transconjugants within the mating 
mixture. To accomplish this, the mating mixture was mixed with PB medium and incubated at 25 °C. To 
confirm that any effect on the conjugation frequency was solely due to the production of RSP- specific 
Nbs and not to other non- specific effects of Nb expression, we utilized as controls both a plasmid- free 
E. coli DH10BT1R strain and the same strain displaying an unrelated Nb binding human fibrinogen 
(Salema et al., 2016). The results obtained (Figure 9, Figure 9—source data 1) indicated that the 
surface display of Nb- RSP #3 by the interfering E. coli strain led to a significant and specific reduction 
in the conjugation frequency of the R27 plasmid in the S. Typhimurium SL1344 strain. Interfering E. 
coli strains with no Nb or a control Nb elicited a nonspecific ~10- fold reduction in the number of 

Figure 8. Characterization of the purified VHH- RSP#3 as a specific binder to the RSP protein. (A) Purification of Nb3- Fc by affinity column. Coomassie 
staining of the SDS- PAGE (10%) showing the purified Nb- RSP #3- Fc from transfected mammalian cell culture supernatants. Molecular weight markers are 
indicated on the left. (B) ELISA shows the binding capacity of the purified VHH- RSP#3- Fc to the RSP or BSA protein. The plot represents the OD values 
at 490 nm obtained with the indicated concentrations of the purified Nb3- Fc after 1 hr of interaction with the corresponding antigen.

The online version of this article includes the following source data for figure 8:

Source data 1. Original file for the Coomassie staining of the SDS- PAGE in Figure 8A.

Source data 2. PDF containing Figure 8A showing the Coomassie staining of the SDS- PAGE with highlighted sample labels corresponding to the 
purified Nb- RSP #3- Fc.

Source data 3. The Excel file containing numerical source data of the results is shown in Figure 8B.

https://doi.org/10.7554/eLife.95328
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transconjugants of R27 plasmid in all time points, compared to conjugation levels between Salmonella 
SL1344 strains. In contrast, interfering E. coli displaying Nb- RSP #3 reduced the number of transcon-
jugants of R27 up to ~1000 fold at 24 hr and ~100 fold after 36 and 48 hr of mating (Figure 9). These 
results suggest a strong inhibitory effect in the conjugation of R27 due to the interaction between 
bacterial display Nb- RSP #3 and RSP protein expressed by donor cells. To rule out that the observed 
reduction in the conjugation frequency in mixtures containing the E. coli strain DH10BT1R (pNeae2 
VHH- RSP #3) and the SL1344 (R27) strains could be due to the specific transfer of the R27 plasmid to 
the interferent E. coli DH10BT1R (pNeae2 VHH- RSP #3) strain, we also detected transconjugants of 
the E. coli DH10BT1R (pNeae2 VHH- RSP #3) and E. coli DH10BT1R (pNVFib1) interferent strains by 
plating them on LB medium containing Tc (R27 plasmid marker) and Cm (pNeae2 plasmid marker). In 
both experiments, the conjugation frequency was the same (1.5×10–2 transconjugants/donor cells).

Discussion
Vaccination stands as a priority strategy in addressing the challenges posed by AMR (Frost et al., 
2022; Micoli et  al., 2021). Vaccines of special interest should target the agents responsible for 
significant health care- associated infections, which include multiple resistant Gram- negative bacteria 
(Lipsitch and Siber, 2016). Protecting against specific pathogens (i.e. S. pneumoniae, K. pneumoniae) 
reduced the incidence of infections caused by them, leading to a decrease in antibiotic usage and 
hence reducing the proliferation of AMR strains (Buchy et al., 2020).

One of the challenges in vaccine development is the identification of broadly protective antigens 
(Troisi et al., 2020). In the context of AMR, current strategies focus on targeting either the most 
common antigens among AMR clones of a specific pathogen (Micoli et al., 2021) or specific viru-
lence determinants (Moriel et al., 2010; Nesta et al., 2012). However, an alternative approach is to 
develop a vaccine that directly targets a resistance determinant, which would be effective not only 
against a specific microorganism but also against any microorganism expressing the corresponding 

Figure 9. Interference of E. coli DH10BT1R cells expressing nanobodies on its surface with the conjugative transfer of the R27 plasmid in Salmonella. 
R27 plasmid was conjugated from a donor strain (SL1344) to a recipient strain (SL1344 ibpA::lacZ- Kmr) with the absence (labeled as ‘none’) or presence 
of the interferent strains E. coli DH10BT1R, plasmid- free clone; E. coli DH10BT1R (pNVFib1), clone expressing a fibrinogen- specific VHH; E. coli 
DH10BT1R (pNeae2 VHH- RSP #3), clone expressing RSP- specific VHH. Results are expressed as means ± SEMs (n=4 independent biological replicates). 
Means without a common letter differ, p<0.05. Data were analyzed with Student’s t- test.

The online version of this article includes the following source data for figure 9:

Source data 1. The Excel file containing numerical source data of the results is shown in Figure 9.

https://doi.org/10.7554/eLife.95328
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resistance determinant. Examples of successful targeting include penicillin- binding proteins or beta- 
lactamases, which have demonstrated protection against infections caused by Staphylococcus aureus 
(Senna et al., 2003), Neisseria meningitidis (Zarantonelli et al., 2006), or Pseudomonas aeruginosa 
(Ciofu et al., 2002).

The novelty of the approach presented in this work is that, instead of targeting an antigen involved 
in an antibiotic resistance mechanism, we focus on an antigen associated with the transmission of 
resistance determinants.

Big proteins have been previously shown to be good vaccine candidates (Khanum et al., 2022; 
Koizumi and Watanabe, 2004). The antigenicity of the RSP protein has been demonstrated by the 
presence of higher levels of specific immunoglobulins. Immunized mice exhibited higher levels of IgG 
in serum and IgA in the colon, jejunum, and feces compared to control mice. In terms of the protec-
tive effect of immunization with the RSP protein in mice, the results can be interpreted as follows. The 
secretion of proinflammatory cytokines in the colon was comparable between immunized and non- 
immunized animals, as well as the reduction in body weight. However, clinical symptoms, Salmonella 
counts in the spleen, and the weight and secretion of proinflammatory cytokines in this organ were 
significantly reduced in immunized animals. While immunization with the RSP protein did not provide 
complete protection against intestinal infection with the SL1344 strain, it did result in attenuated 
disease symptoms and restricted systemic infection. These findings support further research to vali-
date the RSP protein as a valuable antigen for protection against bacterial infections caused by enteric 
bacteria harboring IncHI plasmids.

IncHI plasmids are commonly found in AMR bacteria isolated from clinical samples (Parvez and 
Khan, 2018; Zhang et al., 2021). They are also frequently identified in Salmonella isolates (Phan and 
Wain, 2008). The emergence of AMR S. typhi isolates has been reported in developing countries 
(Tanmoy et al., 2018). Developing an effective vaccine against this pathogen would be particularly 
beneficial for children in endemic countries, including regions such as South Asia, Southeast Asia, 
and sub- Saharan Africa, as well as for travelers (World Health Organization, 2019). The RSP protein 
shows promise as a valuable antigen to be included in such a vaccine, offering potential protection 
against AMR Salmonella infections associated with IncHI plasmids.

An alternative approach to provide protection against infections caused by virulent AMR strains 
carrying IncHI plasmids is to specifically target the RSP protein with antibodies. Monoclonal anti-
bodies against various bacterial pathogens have demonstrated effectiveness, with some currently in 
advanced stages of clinical trials (Cook and Wright, 2022). Nanobodies, a novel class of antibodies, 
offer a wide range of clinical applications (Graf et al., 2019; Jovčevska and Muyldermans, 2020). 
The use of nanobodies specifically targeting the RSP protein represents a promising approach to 
combat infections caused by pathogenic bacteria harboring IncHI plasmids. Inhibiting the transfer of 
antimicrobial resistance plasmids has been identified as a crucial strategy to combat AMR (Buckner 
et al., 2018; Graf et al., 2019). Our study demonstrates that E. coli strains producing RSP- specific 
nanobodies can bind to Salmonella cells carrying the R27 plasmid, resulting in a reduction in the 
conjugation frequency.

These results reinforce the notion that expressing RSP- specific nanobodies in a probiotic bacterium, 
such as E. coli Nissle 1917, could potentially limit the transfer of IncHI plasmids in natural settings, 
such as livestock farms. Furthermore, RSP- specific antibodies could be utilized to combat infections 
caused by pathogenic isolates carrying IncHI plasmids. Nanobodies, known for their heat- and acid- 
stability and solubility, show potential for oral administration to control gastrointestinal infections (Yuki 
et al., 2023). Thus, either purified RSP- specific nanobodies or probiotic microbial cells expressing 
these nanobodies could be orally administered to combat infections caused by AMR virulent strains 
harboring IncHI plasmids.

The expression of plasmid- encoded Big proteins is not exclusive to IncHI plasmids; other plasmids 
such as IncA/C and IncP2 also encode these proteins (Hüttener et al., 2022). IncA/C plasmids were 
initially identified in the 1970s among multidrug- resistant Aeromonas hydrophila and Vibrio strains 
that infected cultured fish (Aoki et al., 1971). Since the 1990s, IncA/C plasmids have gained signifi-
cant attention due to their ability to mobilize antimicrobial resistance determinants in enterobacteria 
and other Gram- negative microorganisms (Call et al., 2010; Fernández- Alarcón et al., 2011; Fricke 
et al., 2009; Welch et al., 2007). These plasmids have an exceptionally wide host range, encom-
passing Beta-, Gamma-, and Deltaproteobacteria (Suzuki et al., 2010), and they play a crucial role in 
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the global dissemination of antimicrobial resistance (Eda et al., 2020; Rozwandowicz et al., 2018). 
In a recent study, IncA/C plasmids accounted for 50% of all plasmids isolated from clinical K. pneu-
moniae strains harboring the blaNDM gene (Qamar et al., 2021). Notably, the monophasic variant 
of S. Typhimurium, S. enterica serovar 4,[5],12:i:-, which has emerged as a global cause of multidrug- 
resistant salmonellosis, predominantly harbors IncHI1 and IncA/C resistance plasmids (Ingle et al., 
2021).

Therefore, targeting these plasmid- encoded Big proteins through immunotherapies can be a valu-
able strategy to combat infections caused by pathogenic microorganisms carrying various types of 
resistance plasmids.

Methods
Bacterial strains and growth conditions
The bacterial strains (see Supplementary file 1a) were routinely grown in Luria- Bertani (LB) medium 
(10 g/L NaCl, 10 g/L tryptone, and 5 g/L yeast extract) with vigorous shaking at 200 rpm (Innova 3100; 
New Brunswick Scientific). The antibiotics used were chloramphenicol (Cm) (25 µg/mL), tetracycline 
(Tc) (15 µg/mL), carbenicillin (Cb) (100 µg/mL), and kanamycin (Km) (50 µg/mL) (Sigma- Aldrich). E. coli 
strains carrying the plasmid with a VHH gene were grown at 30 °C on LB- agar plates (1.5% w/v) or 
in LB liquid medium with the addition of chloramphenicol (Cm, 30 µg/mL) for plasmid selection. To 
overexpress the nanobodies in the bacterial surface of E. coli DH10BT1R, firstly bacteria were grown 
overnight (O/N) under statics conditions in LB medium containing 2% (w/v) of glucose. Then, bacteria 
were harvested by centrifugation (4000 g for 5 min) and grown in the same media supplemented with 
0.05 mM isopropylthio-β-D- galactoside (IPTG) in constant agitation (160 rpm) for 16 hr.

Plasmids
The different plasmids used in this work are listed in Supplementary file 1a.

Oligonucleotides
The oligonucleotides used in this work are listed in Supplementary file 1b.

Genetic manipulations
All enzymes used to perform standard molecular and genetic procedures were used according to 
the manufacturer’s recommendations. To introduce plasmids into E. coli, Salmonella, and Klebsiella, 
bacterial cells were grown until an O.D600 nm of 0.8. Cells were then washed several times with 10% 
glycerol, and the respective plasmids or DNA were electroporated by using an Eppendorf gene pulser 
(Electroporator 2510).

Deletion of the flhDC locus was performed in the strain SL1344 by using the λ Red recombination 
method, as previously described (Datsenko and Wanner, 2000).

Conjugative transfer of the R27 plasmid
The R27 plasmid was conjugated as described previously (Hüttener et  al., 2018). The mating 
frequency was calculated as the number of transconjugants per donor cell.

Purification of the native RSP protein for the immunization assay
The RSP protein was purified from cell- free supernatant fractions obtained from the Salmonella cells 
lacking the flagella (SL1344 R27 flhDC::Km). Cells were grown at 25 °C in LB medium for 16 hr in 
constant shaking at 200 rpm, then centrifugated at 7000 rpm for 30 min at room temperature. Cell 
pellets were discarded, and the supernatant was filtered through a 0.22 μm filter (Millipore). Superna-
tants were then ultra- centrifugated at 40,000 rpm for 1 hr at 4 °C and carefully aspired to not disturb 
the protein pellet and discarded. The remaining pellet was solubilized using commercial Phosphate- 
buffered saline (PBS – Gibco). Proteins were quantified using the Bradford standard method (Pierce).

Purification of the C-terminal domain of the RSP protein
For the RSP protein production, the carboxyl- terminal region of the RSP protein was amplified (280 
AA in total). Amplification of that region was achieved by performing PCR using the R27 plasmid 
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as a DNA template and the primers RSP5 BamHI Fw and RSP PstI Rv, together with the Phusion 
Hot Start II High- fidelity DNA Polymerase (Thermo Fisher Scientific) following the manufacturer’s 
recommendations. The DNA was then purified using the GeneJet PCR Purification Kit (Thermo 
Fisher Scientific), digested with BamHI and PstI restriction endonucleases according to the manufac-
turer´s instructions (New England Biolabs), and ligated into the pMAL- p2E vector digested with the 
same restriction endonucleases using the T4 DNA Ligase (New England Biolabs) according to the 
manufacturer´s instructions. The resulting plasmid, termed pMAL- RSP#5/7, was Sanger sequenced 
and transformed into BL21 cells. Cells transformed with pMAL- RSP#5/7 plasmid were grown in 
LB medium supplemented with carbenicillin at a final concentration of 100  μg/mL at 37  °C for 
16 hr at constant agitation at 200  rpm. Then, cells were diluted 1:100 in LB with 100 μg/mL of 
carbenicillin and glucose at 0.45% of the final concentration. Cells were incubated at 37 °C with 
200 rpm until reached the O.D600 nm of 0.5, then IPTG was added at a final concentration of 0.15 mM. 
Cells were incubated at 37 °C for 2 hr under constant agitation of 200  rpm for the induction of 
the recombinant protein. Cells were then centrifuged at 7500  rpm for 30 min at 4  °C. The cells 
pellet was subsequently resuspended in column buffer (20 mM HEPES (Na) pH 7.5, 200 mM NaCl, 
1 mM EDTA, 1 mM β-mercaptoethanol) plus protease inhibitor (Complete Ultra Tablets, Mini, EDTA- 
free, EASYpack, Roche). Cells were then disrupted by French press cell lysis and centrifugated at 
12,000  rpm for 1 hr at 4  °C. Supernatants were filtered through a 0.22 μM filter (Millipore) and 
mixed with 250 μl of Amylose resin (New England Biolabs) for 2 hr at 4 °C in an orbital shaker. The 
resin was then loaded in chromatography columns and washed twice with the column buffer. The 
recombinant RSP C- terminal protein was then eluted using the elution buffer (20 mM HEPES (Na) 
pH 7.5, 200 mM NaCl, 1 mM EDTA, 1 mM β-mercaptoethanol and 10 mM maltose). Eluted fractions 
were collected and then concentrated using Amicon Ultra- 15 Ultracel 10 K (Millipore) according to 
the manufacturer´s instructions.

Immunization of dromedaries with the C-terminal fragment of the RSP 
protein and selection of clones producing anti-RSP specific nanobodies
Two different dromedary camels (Camelus dromedarious) were immunized with purified RSP protein 
(~1.2 mg) mixed with veterinary vaccine adjuvant (GERBU). After six rounds of inoculations by subcu-
taneous injections, serial dilutions of pre- immune and immune sera were used in ELISA to confirm 
the immune response of dromedary after the RSP protein inoculation. B lymphocytes from peripheral 
blood were isolated, RNA was extracted and VHH genes were amplified by RT- PCR using the VHH 
Sfi and VHH Not oligonucleotides following the protocol described previously (Salema et al., 2013).

The amplified VHH fragments were digested with SfiI and NotI restriction enzymes and ligated into 
the pNeae2 backbone vector digested with the same restriction enzymes, and finally transformed in E. 
coli DH10BT1R by electroporation. Following this protocol, a library of 8.75×107 clones was obtained.

This library was used for the enrichment of clones that recognized the RSP protein. To this end, 
purified RSP protein was mixed with Biotin- NHS (Biotinamidocaproate N- hydroxysuccinimide ester, 
Sigma- Aldrich) and three rounds of MACS (with RSP concentrations of 100  nM the first one) and 
50 nM the other two were performed. Thereafter, a FACS selection with a protein concentration of 
50 nM were performed. The positive clones for the RSP binding were selected for further analysis.

Cloning and purification of the RSP-specific nanobody (VHH-RSP #3)
The gene coding for the RSP- specific selected Nb was PCR amplified with oligonucleotides VHH pIg 
AgeI and VHH pIg BamHI using the pNeae2 VHH- RSP #3 purified plasmid as a template. This PCR 
product was subsequently cloned in AgeI- BamHI sites of the mammalian expression vector pIgΔCH1 
(Casasnovas et al., 2022) derived from pIgγ1HC (Tiller et al., 2008). This vector allows the expression 
of the cloned gene located in the frame with an IgH signal peptide fused to the human IgG1 hinge 
and Fc portion. For the nanobody overexpression and purification, the Expi293 Expression System 
Kit (Thermo Fisher Scientific) was used. The mammalian cells transfected with the purified expression 
vector (pIgΔCH1 VHH- RSP) were grown 5 days post- transfection. Cells were then centrifuged, the 
supernatant was collected and filtered, and the proteins were purified with an Ig Select or protein A 
affinity column (Cytiva), following the manufacturer’s instructions.

https://doi.org/10.7554/eLife.95328
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Enzyme-linked immunosorbent assays to evaluate the specific VHH-RSP 
#3 binding to the RSP protein
ELISA experiments were performed in 96- well plates (Maxisorp, Nunc), which were previously coated 
overnight at 4 °C with 50 µl/well of the purified RSP protein antigen or BSA at 3 µg/ml in PBS. Antigen- 
coated plates were washed with PBS and blocked with 200 μl/well of 3% (w/v) skimmed milk in PBS 
at room temperature for 2 hr. Afterwards, different dilutions of the VHH- RSP (prepared in 3% (w/v) 
skimmed milk in PBS) were added to the wells for 1 hr. After the incubation, the wells were washed 
three times with PBS, and rabbit anti- human Fc IgG- HRP (Jackson ImmunoResearch) was added to the 
plates (diluted 1:5000 in 3% (w/v) skimmed milk in PBS) to detect the bound Nbs. After 1 hr of incu-
bation at room temperature, plates were washed with PBS and developed with H2O2 and o- phenyl-
enediamine (OPD; Merck- Sigma). The Optical Density (OD) at 490 nm (OD490 nm) of plate wells was 
determined (iMark, Bio- Rad), and the values were corrected with the background levels of OD490nm of 
the wells without antigen added.

In vivo immunization and infection of mice
Male and female C57BL/6 mice were purchased from Envigo (Bresso, Italy) and maintained under 
stable temperature and humidity conditions with a 12 hr light and 12 hr dark cycle and free access to 
food and water.

Set up of the infection protocol with the SL1344 (pHCM1) strain
To induce infection, the S. Typhimurium strain SL1344 (pHCM1) was chosen. An assay was designed to 
assess whether infection with this strain is similar to infection with the plasmid- free strain. Four groups 
of mice were infected with strains SL1344 and SL1344 (pHCM1), and two of them were treated with 
150 mg/kg/day ampicillin (Amp) (Sigma- Aldrich) in drinking water and two of them were untreated. 
In addition, a group of uninfected control mice was included as a reference group. Thus, the groups 
were: (i) Control: uninfected mice; (ii) Sal: SL1344- infected mice not treated with Amp; (iii) Sal- pHCM1: 
SL1344- pHCM1- infected mice not treated with Amp; (iv) Sal WT +Amp: SL1344- infected mice treated 
with Amp; (v) Sal pHCM1 +Amp: SL1344- pHCM1- infected mice treated with Amp. Three hours before 
the challenge with the bacterial suspension, mice received an intraperitoneal injection of cimetidine 
(50 mg/kg; Sigma- Aldrich) to reduce acid secretion and improve bacterial survival (Ren et al., 2014). 
To induce infection, 100 µl of the bacterial suspension (109 cfu of Salmonella) was administered by 
oral gavage. During the infection period, the body weight of animals was monitored daily. Four to six 
days after infection (depending on survival), the animals were evaluated for clinical signs of disease, 
and fecal samples were obtained. They were subsequently euthanized and samples of spleen, colon 
mucosa, intestinal lavage, and serum were obtained. Samples were obtained and processed as 
described previously (Miró et al., 2023).

The parameters analyzed to score the clinical signs were: Coat care (normal, 0; slightly altered, 1; 
considerably altered, 2; very altered, 3); posture (normal, 0; slightly curved, 1; considerably curved, 2; 
very curved, 3); movement (normal, 0; slightly slow, 1; considerably slow, 2; very slow, 3); defecation 
(normal, 0; soft stools, 1; watery stools, 2; liquid stools, 3); body weight loss (no weight loss, 0; weight 
loss less than 5%, 1; weight loss between 5 and 10%, 2; weight loss greater than 10%, 3).

Immunization with the RSP protein and infection with the S. Typhimurium 
SL1344 (pHCM1) strain
Regarding the adjustment of the immunization with the RSP protein as antigen, we proceeded as 
previously described (Miró et al., 2023). Briefly, mice were intranasally administered with 3 µg of the 
RSP protein and 5 μg of cholera toxin (CT; Sigma- Aldrich) as an immunological adjuvant. Immunization 
was performed three times every 2 weeks (at 3, 5, and 7 weeks of age). Non- immunized mice received 
CT alone. Mice were distributed randomly into two groups: Non- Imm (Non- immunized, CT alone); 
Imm (Immunized mice). During the immunization period, the body weight of animals was monitored 
weekly. Two weeks after the last immunization, animals were euthanized and samples of feces, intes-
tinal lavage, and serum were obtained. Total and RSP- specific immunoglobulins were determined as 
explained in the section Immunoglobulin determination.

https://doi.org/10.7554/eLife.95328
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In order to evaluate the protective efficacy of immunization, the previously established infection 
protocol with the S. Typhimurium SL1344 (pHCM1) strain was used. The experiments were performed 
using a Latin design with two factors: immunization of mice using the RSP protein as immunogen; and 
subsequently infected with the S. Typhimurium SL1344 (pHCM1) strain. The animals were randomly 
distributed into four groups: (i) non- immunized and non- infected mice (Non- Imm); (ii) non- immunized 
and Salmonella- infected animals (Sal); (iii) immunized and non- infected animals with Salmonella (Imm); 
(iv) immunized and infected animals (Imm- Sal). The infection was provoked two weeks after the last 
immunization dose.

Bacterial counts in the spleen
Spleen samples were homogenized with sterile PBS (20 mg/mL) using a PRO200 homogenizer (Pro- 
Scientific, USA) at 18,000 g, and homogenates were used to count the presence of Salmonella cells 
plated in MacConkey media agar plates.

Immunoglobulin concentration
Total secreted IgA and anti- RSP- specific IgA were determined in intestinal and colon content and in 
feces by sandwich enzyme- linked immunosorbent assay (ELISA) as previously described (Ren et al., 
2014). Briefly, plates were coated with anti- mouse IgA monoclonal antibody (1 μg/mL; Sigma- Aldrich) 
in PBS to quantify total IgA concentration or RSP (20 μg/mL) in PBS to measure RSP- specific IgA 
concentration. Mouse IgA (Bethyl) was used as a standard for the determination of total IgA. Goat 
anti- mouse IgA (Bethyl) conjugated with horseradish peroxidase (HRP) was used as the detection 
antibody.

The concentrations of total IgG and specific IgG against the RSP protein in serum were also deter-
mined. Plates were coated with goat anti- mouse IgG (1 µg/mL; Sigma- Aldrich) to quantify the concen-
tration of total IgG or RSP (10 μg/mL) in PBS to measure the concentration of specific IgG against 
RSP. Mouse IgG (Sigma- Aldrich) was used as a standard for the determination of total IgG. Goat anti- 
mouse IgG conjugated with HRP (Sigma- Aldrich) was used as the detection antibody.

In all cases, o- phenylenediamine (OPD, 0.4 mg/mL; Sigma- Aldrich) was used as HRP substrate, and 
the color intensity was measured at 492 nm in a microplate reader (Sunrise).

Cytokine expression in spleen and colon
RNA extraction and reverse transcription were carried out as previously described (Rosell- Cardona 
et al., 2022). RNA quality and quantity were assessed by spectrophotometry (NanoDrop ND- 1000; 
Thermo Fisher Scientific) and its integrity was determined with an Agilent 2100 Bioanalyzer (Agilent 
Technologies Inc). In all cases, the RNA integrity was ≥9 and the A260/280 ratio was between 1.96 and 
2.02. Total RNA was reverse- transcribed using an iScript cDNA Synthesis Kit (Bio- Rad). For real- time 
PCR determinations, we used SsoAdvanced Universal SYBR Green Supermix (Bio- Rad). The primers 
used are described previously (Garcia- Just et al., 2020). Real- time PCR was performed on a MiniOp-
ticon Real- Time PCR System (Bio- Rad). Each PCR run included duplicates of reverse transcript cDNA 
for each sample and negative controls (reverse transcription- free samples, RNA- free samples). Quan-
tification of the target gene transcripts was conducted using hypoxanthine phosphoribosyl transferase 
1 (hprt1) gene expression as a reference and was performed with the 2−ΔΔCT method (Schmittgen and 
Livak, 2008). Product fidelity was confirmed by melting curve analysis.

Immunogold electron microscopy
Immunogold microscopy experiments were performed as previously described (Hüttener et  al., 
2019).

Statistical analysis
The results of mice experiments are presented as mean ± SEM, except for survival curves and disease 
indices. Survival curves have been compared by the Log- rank (Mantel- Cox) test and expressed as a 
percentage of survival. Disease indices are expressed as median values and quartiles and have been 
compared by the Kruskal- Wallis test. Body weight evolution was analyzed by means of repeated 
measures ANOVA. Continuous data were analyzed with Levene’s test to assess the homogeneity of 
variance and with the Shapiro- Wilk test to assess distribution. Homogeneous and normally distributed 
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data were analyzed with Student’s t- test (immunization- tuning experiments) or one- way analysis of 
variance (ANOVA) (infection- tuning) followed by Fisher’s least significant difference (LSD) post hoc 
test and two- way ANOVA (immunization and infection experiments). Student’s t- test was also used to 
determine statistical the significance of R27 conjugation frequency in mating experiments. Data were 
analyzed using GraphPad Prism software v.9.3.1 (GraphPad Software, Inc). Differences were consid-
ered significant at p<0.05.

Acknowledgements
This work was supported by grants from Fundació 'La Marató TV3,' Spain (project 201818 10), CERCA 
Program/Generalitat de Catalunya to AJ, PID2021- 124676NB- I00 from the Ministerio de Economía, 
Industria y Competitividad to SM and JT. Work in the laboratory of LAF is supported by grants 
PLEC2021- 007739 from MCIN/AEI NextGeneration EU/ PRTR and FET Open 965018- BIOCELLPHE 
from the European Union’s Horizon 2020 Future and Emerging Technologies research and innovation 
program. LM and APB are members of the Institut de Recerca en Nutrició, i Seguretat Alimentària 
(INSA- UB), which is recognized as a Maria de Maeztu Unit of Excellence and funded by MICIN/AEI/
FEDER (CEX2021- 001234- M).

Additional information

Funding

Funder Grant reference number Author

Fundació la Marató de TV3 20181810 Antonio Juarez

Ministerio de Economía y 
Competitividad

PID2021-124676NB-I00 Susana Merino
Joan Tomas

Ministerio de Ciencia e 
Innovación

PLEC2021-007739 Luis Ángel Fernández

Horizon 2020 Framework 
Programme

965018-BIOCELLPHE Luis Ángel Fernández

Ministerio de Ciencia e 
Innovación

CEX2021-001234-M Anna Perez-Bosque

The funders had no role in study design, data collection and interpretation, or the 
decision to submit the work for publication.

Author contributions
Alejandro Prieto, Anna Perez- Bosque, Data curation, Formal analysis, Investigation, Writing - original 
draft, Writing – review and editing; Luïsa Miró, Data curation, Software, Formal analysis, Investigation, 
Writing – review and editing; Yago Margolles, Manuel Bernabeu, David Salguero, Susana Merino, 
Joan Tomas, Juan Alberto Corbera, Investigation; Mario Huttener, Luis Ángel Fernández, Investiga-
tion, Writing – review and editing; Antonio Juarez, Conceptualization, Supervision, Validation, Investi-
gation, Writing - original draft, Project administration, Writing – review and editing

Author ORCIDs
Alejandro Prieto    http://orcid.org/0000-0002-9175-5809
Juan Alberto Corbera    https://orcid.org/0000-0001-7812-2065
Anna Perez- Bosque    http://orcid.org/0000-0003-2175-9684
Antonio Juarez    https://orcid.org/0000-0002-5027-8778

Ethics
EthicsThe dromedary camel immunization protocol followed European Union and Spanish guidelines 
of animal experimentation and was approved by the Ethics Committee for Animal Experimentation 
from University of Las Palmas de Gran Canaria and the Consejería de Agricultura, Pesca y Aguas of 
the Canary Islands Goverment (reference OEBA_ULPGC_20–2023). Experimentation with mice was 
conducted at Animal Facility of Faculty of Pharmacy and Food Science. Experiments were approved 

https://doi.org/10.7554/eLife.95328
http://orcid.org/0000-0002-9175-5809
https://orcid.org/0000-0001-7812-2065
http://orcid.org/0000-0003-2175-9684
https://orcid.org/0000-0002-5027-8778


 Research article      Microbiology and Infectious Disease

Prieto, Miró et al. eLife 2024;13:RP95328. DOI: https://doi.org/10.7554/eLife.95328  19 of 23

by the Ethics Committee of Animal Experimentation of the University of Barcelona (Ref. 170/20). 
Animals were handled in strict accordance with the guidelines of the European Community 86/609/
CEE.

Peer review material
Reviewer #1 (Public review): https://doi.org/10.7554/eLife.95328.3.sa1
Reviewer #2 (Public review): https://doi.org/10.7554/eLife.95328.3.sa2
Author response https://doi.org/10.7554/eLife.95328.3.sa3

Additional files
Supplementary files
•  Supplementary file 1. Strains, plasmids and oligonucleotides used in this work. (a) List of the 
strains and plasmids used in this work. (b) List of the oligonucleotides used in this work.

•  MDAR checklist 

Data availability
All data generated or analysed during this study are included in the manuscript supporting files.

References
Aoki T, Egusa S, Kimura T, Watanabe T. 1971. Detection of R factors in naturally occurring Aeromonas 

salmonicida strains. Applied Microbiology 22:716–717. DOI: https://doi.org/10.1128/aem.22.4.716-717.1971
Bodelón G, Marín E, Fernández LA. 2009. Role of periplasmic chaperones and BamA (YaeT/Omp85) in folding 

and secretion of intimin from enteropathogenic Escherichia coli strains. Journal of Bacteriology 191:5169–
5179. DOI: https://doi.org/10.1128/JB.00458-09, PMID: 19525348

Bodelón G, Palomino C, Fernández LÁ. 2013. Immunoglobulin domains in Escherichia coli and other 
enterobacteria: from pathogenesis to applications in antibody technologies. FEMS Microbiology Reviews 
37:204–250. DOI: https://doi.org/10.1111/j.1574-6976.2012.00347.x, PMID: 22724448

Buchy P, Ascioglu S, Buisson Y, Datta S, Nissen M, Tambyah PA, Vong S. 2020. Impact of vaccines on 
antimicrobial resistance. International Journal of Infectious Diseases 90:188–196. DOI: https://doi.org/10.1016/ 
j.ijid.2019.10.005

Buckner MMC, Ciusa ML, Piddock LJV. 2018. Strategies to combat antimicrobial resistance: anti- plasmid and 
plasmid curing. FEMS Microbiology Reviews 42:781–804. DOI: https://doi.org/10.1093/femsre/fuy031, PMID: 
30085063

Butler T, Shuster CW, Dixon P. 1981. Treatment of experimental Salmonella typhimurium infection with 
mecillinam and ampicillin. Antimicrobial Agents and Chemotherapy 19:328–331. DOI: https://doi.org/10.1128/ 
AAC.19.2.328, PMID: 6289730

Call DR, Singer RS, Meng D, Broschat SL, Orfe LH, Anderson JM, Herndon DR, Kappmeyer LS, Daniels JB, 
Besser TE. 2010. blaCMY- 2- positive IncA/C plasmids from Escherichia coli and Salmonella enterica are a 
distinct component of a larger lineage of plasmids. Antimicrobial Agents and Chemotherapy 54:590–596. DOI: 
https://doi.org/10.1128/AAC.00055-09, PMID: 19949054

Carattoli A. 2009. Resistance plasmid families in Enterobacteriaceae. Antimicrobial Agents and Chemotherapy 
53:2227–2238. DOI: https://doi.org/10.1128/AAC.01707-08, PMID: 19307361

Carattoli A. 2013. Plasmids and the spread of resistance. International Journal of Medical Microbiology 
303:298–304. DOI: https://doi.org/10.1016/j.ijmm.2013.02.001, PMID: 23499304

Casasnovas JM, Margolles Y, Noriega MA, Guzmán M, Arranz R, Melero R, Casanova M, Corbera JA, 
Jiménez- de- Oya N, Gastaminza P, Garaigorta U, Saiz JC, Martín- Acebes MÁ, Fernández LÁ. 2022. Nanobodies 
protecting from lethal SARS- CoV- 2 infection target receptor binding epitopes preserved in virus variants other 
than omicron. Frontiers in Immunology 13:863831. DOI: https://doi.org/10.3389/fimmu.2022.863831, PMID: 
35547740

Ciofu O, Bagge N, Høiby N. 2002. Antibodies against beta- lactamase can improve ceftazidime treatment of lung 
infection with beta- lactam- resistant Pseudomonas aeruginosa in a rat model of chronic lung infection. APMIS 
110:881–891. DOI: https://doi.org/10.1034/j.1600-0463.2002.1101207.x, PMID: 12645667

Cook MA, Wright GD. 2022. The past, present, and future of antibiotics. Science Translational Medicine 14:7793. 
DOI: https://doi.org/10.1126/scitranslmed.abo7793, PMID: 35947678

Datsenko KA, Wanner BL. 2000. One- step inactivation of chromosomal genes in Escherichia coli K- 12 using PCR 
products. PNAS 97:6640–6645. DOI: https://doi.org/10.1073/pnas.120163297, PMID: 10829079

Dolejska M, Villa L, Poirel L, Nordmann P, Carattoli A. 2013. Complete sequencing of an IncHI1 plasmid 
encoding the carbapenemase NDM- 1, the ArmA 16S RNA methylase and a resistance- nodulation- cell division/
multidrug efflux pump. The Journal of Antimicrobial Chemotherapy 68:34–39. DOI: https://doi.org/10.1093/ 
jac/dks357, PMID: 22969080

https://doi.org/10.7554/eLife.95328
https://doi.org/10.7554/eLife.95328.3.sa1
https://doi.org/10.7554/eLife.95328.3.sa2
https://doi.org/10.7554/eLife.95328.3.sa3
https://doi.org/10.1128/aem.22.4.716-717.1971
https://doi.org/10.1128/JB.00458-09
http://www.ncbi.nlm.nih.gov/pubmed/19525348
https://doi.org/10.1111/j.1574-6976.2012.00347.x
http://www.ncbi.nlm.nih.gov/pubmed/22724448
https://doi.org/10.1016/j.ijid.2019.10.005
https://doi.org/10.1016/j.ijid.2019.10.005
https://doi.org/10.1093/femsre/fuy031
http://www.ncbi.nlm.nih.gov/pubmed/30085063
https://doi.org/10.1128/AAC.19.2.328
https://doi.org/10.1128/AAC.19.2.328
http://www.ncbi.nlm.nih.gov/pubmed/6289730
https://doi.org/10.1128/AAC.00055-09
http://www.ncbi.nlm.nih.gov/pubmed/19949054
https://doi.org/10.1128/AAC.01707-08
http://www.ncbi.nlm.nih.gov/pubmed/19307361
https://doi.org/10.1016/j.ijmm.2013.02.001
http://www.ncbi.nlm.nih.gov/pubmed/23499304
https://doi.org/10.3389/fimmu.2022.863831
http://www.ncbi.nlm.nih.gov/pubmed/35547740
https://doi.org/10.1034/j.1600-0463.2002.1101207.x
http://www.ncbi.nlm.nih.gov/pubmed/12645667
https://doi.org/10.1126/scitranslmed.abo7793
http://www.ncbi.nlm.nih.gov/pubmed/35947678
https://doi.org/10.1073/pnas.120163297
http://www.ncbi.nlm.nih.gov/pubmed/10829079
https://doi.org/10.1093/jac/dks357
https://doi.org/10.1093/jac/dks357
http://www.ncbi.nlm.nih.gov/pubmed/22969080


 Research article      Microbiology and Infectious Disease

Prieto, Miró et al. eLife 2024;13:RP95328. DOI: https://doi.org/10.7554/eLife.95328  20 of 23

Eda R, Nakamura M, Takayama Y, Maehana S, Nakano R, Yano H, Kitasato H. 2020. Trends and molecular 
characteristics of carbapenemase- producing Enterobacteriaceae in Japanese hospital from 2006 to 2015. 
Journal of Infection and Chemotherapy 26:667–671. DOI: https://doi.org/10.1016/j.jiac.2020.02.002, PMID: 
32222331

Fairman JW, Dautin N, Wojtowicz D, Liu W, Noinaj N, Barnard TJ, Udho E, Przytycka TM, Cherezov V, 
Buchanan SK. 2012. Crystal structures of the outer membrane domain of intimin and invasin from 
enterohemorrhagic E. coli and enteropathogenic Y. pseudotuberculosis. Structure 20:1233–1243. DOI: https:// 
doi.org/10.1016/j.str.2012.04.011, PMID: 22658748

Fernández- Alarcón C, Singer RS, Johnson TJ. 2011. Comparative genomics of multidrug resistance- encoding 
IncA/C plasmids from commensal and pathogenic Escherichia coli from multiple animal sources. PLOS ONE 
6:e23415. DOI: https://doi.org/10.1371/journal.pone.0023415, PMID: 21858108

Forde BM, Zowawi HM, Harris PNA, Roberts L, Ibrahim E, Shaikh N, Deshmukh A, Sid Ahmed MA, 
Al Maslamani M, Cottrell K, Trembizki E, Sundac L, Yu HH, Li J, Schembri MA, Whiley DM, Paterson DL, 
Beatson SA. 2018. Discovery of mcr- 1- mediated colistin resistance in a highly virulent Escherichia coli Lineage. 
mSphere 3:e00486- 18. DOI: https://doi.org/10.1128/mSphere.00486-18, PMID: 30305321

Fricke WF, Welch TJ, McDermott PF, Mammel MK, LeClerc JE, White DG, Cebula TA, Ravel J. 2009. 
Comparative genomics of the IncA/C multidrug resistance plasmid family. Journal of Bacteriology 191:4750–
4757. DOI: https://doi.org/10.1128/JB.00189-09, PMID: 19482926

Frost I, Balachandran A, Paulin- Deschenaux S, Sati H, Hasso- Agopsowicz M. 2022. The approach of World 
Health Organization to articulate the role and assure impact of vaccines against antimicrobial resistance. 
Human Vaccines & Immunotherapeutics 18:2145069. DOI: https://doi.org/10.1080/21645515.2022.2145069, 
PMID: 36420615

Garcia- Just A, Miró L, Pérez- Bosque A, Amat C, Polo J, Pallàs M, Griñán- Ferré C, Moretó M. 2020. Dietary 
spray- dried porcine plasma prevents cognitive decline in senescent mice and reduces neuroinflammation and 
oxidative stress. The Journal of Nutrition 150:303–311. DOI: https://doi.org/10.1093/jn/nxz239, PMID: 
31562503

Glass DS, Riedel- Kruse IH. 2018. A synthetic bacterial cell- cell adhesion toolbox for programming multicellular 
morphologies and patterns. Cell 174:649–658. DOI: https://doi.org/10.1016/j.cell.2018.06.041, PMID: 
30033369

Graf FE, Palm M, Warringer J, Farewell A. 2019. Inhibiting conjugation as a tool in the fight against antibiotic 
resistance. Drug Development Research 80:19–23. DOI: https://doi.org/10.1002/ddr.21457, PMID: 
30343487

Hamers- Casterman C, Atarhouch T, Muyldermans S, Robinson G, Hamers C, Songa EB, Bendahman N, 
Hamers R. 1993. Naturally occurring antibodies devoid of light chains. Nature 363:446–448. DOI: https://doi. 
org/10.1038/363446a0, PMID: 8502296

Holt KE, Phan MD, Baker S, Duy PT, Nga TVT, Nair S, Turner AK, Walsh C, Fanning S, Farrell- Ward S, Dutta S, 
Kariuki S, Weill FX, Parkhill J, Dougan G, Wain J. 2011. Emergence of a globally dominant IncHI1 plasmid type 
associated with multiple drug resistant typhoid. PLOS Neglected Tropical Diseases 5:e1245. DOI: https://doi. 
org/10.1371/journal.pntd.0001245, PMID: 21811646

Hüttener M, Prieto A, Aznar S, Dietrich M, Paytubi S, Juárez A. 2018. Tetracycline alters gene expression in 
Salmonella strains that harbor the Tn10 transposon. Environmental Microbiology Reports 10:202–209. DOI: 
https://doi.org/10.1111/1758-2229.12621, PMID: 29393572

Hüttener M, Prieto A, Aznar S, Bernabeu M, Glaría E, Valledor AF, Paytubi S, Merino S, Tomás J, Juárez A. 2019. 
Expression of a novel class of bacterial Ig- like proteins is required for IncHI plasmid conjugation. PLOS Genetics 
15:e1008399. DOI: https://doi.org/10.1371/journal.pgen.1008399, PMID: 31527905

Hüttener M, Hergueta J, Bernabeu M, Prieto A, Aznar S, Merino S, Tomás J, Juárez A. 2022. Roles of proteins 
containing immunoglobulin- like domains in the conjugation of bacterial plasmids. mSphere 7:00978- 21. DOI: 
https://doi.org/10.1128/msphere.00978-21

Ingle DJ, Ambrose RL, Baines SL, Duchene S, Gonçalves da Silva A, Lee DYJ, Jones M, Valcanis M, Taiaroa G, 
Ballard SA, Kirk MD, Howden BP, Pearson JS, Williamson DA. 2021. Evolutionary dynamics of multidrug 
resistant Salmonella enterica serovar 4,[5],12:i:- in Australia. Nature Communications 12:25073- w. DOI: https:// 
doi.org/10.1038/s41467-021-25073-w

Jovčevska I, Muyldermans S. 2020. The therapeutic potential of nanobodies. BioDrugs 34:11–26. DOI: https:// 
doi.org/10.1007/s40259-019-00392-z, PMID: 31686399

Khanum S, Carbone V, Gupta SK, Yeung J, Shu D, Wilson T, Parlane NA, Altermann E, Estein SM, Janssen PH, 
Wedlock DN, Heiser A. 2022. Mapping immunogenic epitopes of an adhesin- like protein from 
Methanobrevibacter ruminantium M1 and comparison of empirical data with in silico prediction methods. 
Scientific Reports 12:10394. DOI: https://doi.org/10.1038/s41598-022-14545-8, PMID: 35729277

Koizumi N, Watanabe H. 2004. Leptospiral immunoglobulin- like proteins elicit protective immunity. Vaccine 
22:1545–1552. DOI: https://doi.org/10.1016/j.vaccine.2003.10.007, PMID: 15063580

Lawley TD, Gilmour MW, Gunton JE, Standeven LJ, Taylor DE. 2002. Functional and mutational analysis of 
conjugative transfer region 1 (Tra1) from the IncHI1 plasmid R27. Journal of Bacteriology 184:2173–2180. DOI: 
https://doi.org/10.1128/JB.184.8.2173-2180.2002, PMID: 11914349

Lawley TD, Gilmour MW, Gunton JE, Tracz DM, Taylor DE. 2003. Functional and mutational analysis of 
conjugative transfer region 2 (Tra2) from the IncHI1 plasmid R27. Journal of Bacteriology 185:581–591. DOI: 
https://doi.org/10.1128/JB.185.2.581-591.2003, PMID: 12511505

https://doi.org/10.7554/eLife.95328
https://doi.org/10.1016/j.jiac.2020.02.002
http://www.ncbi.nlm.nih.gov/pubmed/32222331
https://doi.org/10.1016/j.str.2012.04.011
https://doi.org/10.1016/j.str.2012.04.011
http://www.ncbi.nlm.nih.gov/pubmed/22658748
https://doi.org/10.1371/journal.pone.0023415
http://www.ncbi.nlm.nih.gov/pubmed/21858108
https://doi.org/10.1128/mSphere.00486-18
http://www.ncbi.nlm.nih.gov/pubmed/30305321
https://doi.org/10.1128/JB.00189-09
http://www.ncbi.nlm.nih.gov/pubmed/19482926
https://doi.org/10.1080/21645515.2022.2145069
http://www.ncbi.nlm.nih.gov/pubmed/36420615
https://doi.org/10.1093/jn/nxz239
http://www.ncbi.nlm.nih.gov/pubmed/31562503
https://doi.org/10.1016/j.cell.2018.06.041
http://www.ncbi.nlm.nih.gov/pubmed/30033369
https://doi.org/10.1002/ddr.21457
http://www.ncbi.nlm.nih.gov/pubmed/30343487
https://doi.org/10.1038/363446a0
https://doi.org/10.1038/363446a0
http://www.ncbi.nlm.nih.gov/pubmed/8502296
https://doi.org/10.1371/journal.pntd.0001245
https://doi.org/10.1371/journal.pntd.0001245
http://www.ncbi.nlm.nih.gov/pubmed/21811646
https://doi.org/10.1111/1758-2229.12621
http://www.ncbi.nlm.nih.gov/pubmed/29393572
https://doi.org/10.1371/journal.pgen.1008399
http://www.ncbi.nlm.nih.gov/pubmed/31527905
https://doi.org/10.1128/msphere.00978-21
https://doi.org/10.1038/s41467-021-25073-w
https://doi.org/10.1038/s41467-021-25073-w
https://doi.org/10.1007/s40259-019-00392-z
https://doi.org/10.1007/s40259-019-00392-z
http://www.ncbi.nlm.nih.gov/pubmed/31686399
https://doi.org/10.1038/s41598-022-14545-8
http://www.ncbi.nlm.nih.gov/pubmed/35729277
https://doi.org/10.1016/j.vaccine.2003.10.007
http://www.ncbi.nlm.nih.gov/pubmed/15063580
https://doi.org/10.1128/JB.184.8.2173-2180.2002
http://www.ncbi.nlm.nih.gov/pubmed/11914349
https://doi.org/10.1128/JB.185.2.581-591.2003
http://www.ncbi.nlm.nih.gov/pubmed/12511505


 Research article      Microbiology and Infectious Disease

Prieto, Miró et al. eLife 2024;13:RP95328. DOI: https://doi.org/10.7554/eLife.95328  21 of 23

Lim LM, Ly N, Anderson D, Yang JC, Macander L, Jarkowski A, Forrest A, Bulitta JB, Tsuji BT. 2010. Resurgence 
of colistin: a review of resistance, toxicity, pharmacodynamics, and dosing. Pharmacotherapy 30:1279–1291. 
DOI: https://doi.org/10.1592/phco.30.12.1279, PMID: 21114395

Lipsitch M, Siber GR. 2016. How can vaccines contribute to solving the antimicrobial resistance problem? mBio 
7:e00428- 16. DOI: https://doi.org/10.1128/mBio.00428-16, PMID: 27273824

Matamoros S, van Hattem JM, Arcilla MS, Willemse N, Melles DC, Penders J, Vinh TN, Thi Hoa N, 
Bootsma MCJ, van Genderen PJ, Goorhuis A, Grobusch M, Molhoek N, Oude Lashof AML, Stobberingh EE, 
Verbrugh HA, de Jong MD, Schultsz C. 2017. Global phylogenetic analysis of Escherichia coli and plasmids 
carrying the mcr- 1 gene indicates bacterial diversity but plasmid restriction. Scientific Reports 7:15364. DOI: 
https://doi.org/10.1038/s41598-017-15539-7, PMID: 29127343

Meyer E, Schwab F, Schroeren- Boersch B, Gastmeier P. 2010. Dramatic increase of third- generation 
cephalosporin- resistant E. coli in German intensive care units: secular trends in antibiotic drug use and bacterial 
resistance, 2001 to 2008. Critical Care 14:R113. DOI: https://doi.org/10.1186/cc9062

Micoli F, Bagnoli F, Rappuoli R, Serruto D. 2021. The role of vaccines in combatting antimicrobial resistance. 
Nature Reviews. Microbiology 19:287–302. DOI: https://doi.org/10.1038/s41579-020-00506-3, PMID: 
33542518

Miró L, Rosell- Cardona C, Amat C, Polo J, Moretó M, Pérez- Bosque A. 2023. Dietary supplementation with 
spray- dried animal plasma improves vaccine protection in aged mice. Frontiers in Nutrition 10:1050961. DOI: 
https://doi.org/10.3389/fnut.2023.1050961, PMID: 37032769

Morens DM, Folkers GK, Fauci AS. 2004. The challenge of emerging and re- emerging infectious diseases. 
Nature 430:242–249. DOI: https://doi.org/10.1038/nature02759, PMID: 15241422

Moriel DG, Bertoldi I, Spagnuolo A, Marchi S, Rosini R, Nesta B, Pastorello I, Corea VAM, Torricelli G, Cartocci E, 
Savino S, Scarselli M, Dobrindt U, Hacker J, Tettelin H, Tallon LJ, Sullivan S, Wieler LH, Ewers C, Pickard D, 
et al. 2010. Identification of protective and broadly conserved vaccine antigens from the genome of 
extraintestinal pathogenic Escherichia coli. PNAS 107:9072–9077. DOI: https://doi.org/10.1073/pnas. 
0915077107

Murray CJL, Ikuta KS, Sharara F, Swetschinski L, Robles Aguilar G, Gray A, Han C, Bisignano C, Rao P, 
Wool E, Johnson SC, Browne AJ, Chipeta MG, Fell F, Hackett S, Haines- Woodhouse G, 
Kashef Hamadani BH, Kumaran EAP, McManigal B, Achalapong S, et al. 2022. Global burden of bacterial 
antimicrobial resistance in 2019: a systematic analysis. The Lancet 399:629–655. DOI: https://doi.org/10. 
1016/S0140-6736(21)02724-0

Muyldermans S. 2013. Nanobodies: natural single- domain antibodies. Annual Review of Biochemistry 82:775–
797. DOI: https://doi.org/10.1146/annurev-biochem-063011-092449, PMID: 23495938

Muyldermans S. 2021. Applications of nanobodies. Annual Review of Animal Biosciences 9:401–421. DOI: 
https://doi.org/10.1146/annurev-animal-021419-083831, PMID: 33233943

Nesta B, Spraggon G, Alteri C, Moriel DG, Rosini R, Veggi D, Smith S, Bertoldi I, Pastorello I, Ferlenghi I, 
Fontana MR, Frankel G, Mobley HLT, Rappuoli R, Pizza M, Serino L, Soriani M. 2012. FdeC, a novel broadly 
conserved Escherichia coli adhesin eliciting protection against urinary tract infections. mBio 3:e00010- 12. DOI: 
https://doi.org/10.1128/mBio.00010-12, PMID: 22496310

Novick RP, Richmond MH. 1965. Nature and interactions of the genetic elements governing penicillinase 
synthesis in Staphylococcus aureus. Journal of Bacteriology 90:467–480. DOI: https://doi.org/10.1128/jb.90.2. 
467-480.1965, PMID: 14329463

Parvez S, Khan AU. 2018. Hospital sewage water: a reservoir for variants of New Delhi metallo-β-lactamase 
(NDM)- and extended- spectrum β-lactamase (ESBL)- producing Enterobacteriaceae. International Journal of 
Antimicrobial Agents 51:82–88. DOI: https://doi.org/10.1016/j.ijantimicag.2017.08.032, PMID: 28887202

Phan MD, Wain J. 2008. IncHI plasmids, a dynamic link between resistance and pathogenicity. Journal of 
Infection in Developing Countries 2:272–278. DOI: https://doi.org/10.3855/jidc.221, PMID: 19741288

Piñero- Lambea C, Bodelón G, Fernández- Periáñez R, Cuesta AM, Álvarez- Vallina L, Fernández LÁ. 2015. 
Programming controlled adhesion of E. coli to target surfaces, cells, and tumors with synthetic adhesins. ACS 
Synthetic Biology 4:463–473. DOI: https://doi.org/10.1021/sb500252a, PMID: 25045780

Qamar MU, Ejaz H, Walsh TR, Shah AA, Al Farraj DA, Alkufeidy RM, Alkubaisi NA, Saleem S, Jahan S. 2021. 
Clonal relatedness and plasmid profiling of extensively drug- resistant New Delhi metallo-β-lactamase- 
producing Klebsiella pneumoniae clinical isolates. Future Microbiology 16:229–239. DOI: https://doi.org/10. 
2217/fmb-2020-0315, PMID: 33625250

Ren W, Yin J, Duan J, Liu G, Zhu X, Chen S, Li T, Wang S, Tang Y, Hardwidge PR. 2014. Mouse intestinal innate 
immune responses altered by enterotoxigenic Escherichia coli (ETEC) infection. Microbes and Infection 
16:954–961. DOI: https://doi.org/10.1016/j.micinf.2014.09.005, PMID: 25267358

Robledo M, Álvarez B, Cuevas A, González S, Ruano- Gallego D, Fernández LÁ, de la Cruz F. 2022. Targeted 
bacterial conjugation mediated by synthetic cell- to- cell adhesions. Nucleic Acids Research 50:12938–12950. 
DOI: https://doi.org/10.1093/nar/gkac1164, PMID: 36511856

Rosell- Cardona C, Amat C, Griñán- Ferré C, Polo J, Pallàs M, Pérez- Bosque A, Moretó M, Miró L. 2022. The 
neuroprotective effects of spray- dried porcine plasma supplementation involve the microbiota- gut- brain axis. 
Nutrients 14:2211. DOI: https://doi.org/10.3390/nu14112211, PMID: 35684013

Rossi O, Dybowski R, Maskell DJ, Grant AJ, Restif O, Mastroeni P. 2017. Within- host spatiotemporal dynamics of 
systemic Salmonella infection during and after antimicrobial treatment. The Journal of Antimicrobial 
Chemotherapy 72:3390–3397. DOI: https://doi.org/10.1093/jac/dkx294, PMID: 28962012

https://doi.org/10.7554/eLife.95328
https://doi.org/10.1592/phco.30.12.1279
http://www.ncbi.nlm.nih.gov/pubmed/21114395
https://doi.org/10.1128/mBio.00428-16
http://www.ncbi.nlm.nih.gov/pubmed/27273824
https://doi.org/10.1038/s41598-017-15539-7
http://www.ncbi.nlm.nih.gov/pubmed/29127343
https://doi.org/10.1186/cc9062
https://doi.org/10.1038/s41579-020-00506-3
http://www.ncbi.nlm.nih.gov/pubmed/33542518
https://doi.org/10.3389/fnut.2023.1050961
http://www.ncbi.nlm.nih.gov/pubmed/37032769
https://doi.org/10.1038/nature02759
http://www.ncbi.nlm.nih.gov/pubmed/15241422
https://doi.org/10.1073/pnas.0915077107
https://doi.org/10.1073/pnas.0915077107
https://doi.org/10.1016/S0140-6736(21)02724-0
https://doi.org/10.1016/S0140-6736(21)02724-0
https://doi.org/10.1146/annurev-biochem-063011-092449
http://www.ncbi.nlm.nih.gov/pubmed/23495938
https://doi.org/10.1146/annurev-animal-021419-083831
http://www.ncbi.nlm.nih.gov/pubmed/33233943
https://doi.org/10.1128/mBio.00010-12
http://www.ncbi.nlm.nih.gov/pubmed/22496310
https://doi.org/10.1128/jb.90.2.467-480.1965
https://doi.org/10.1128/jb.90.2.467-480.1965
http://www.ncbi.nlm.nih.gov/pubmed/14329463
https://doi.org/10.1016/j.ijantimicag.2017.08.032
http://www.ncbi.nlm.nih.gov/pubmed/28887202
https://doi.org/10.3855/jidc.221
http://www.ncbi.nlm.nih.gov/pubmed/19741288
https://doi.org/10.1021/sb500252a
http://www.ncbi.nlm.nih.gov/pubmed/25045780
https://doi.org/10.2217/fmb-2020-0315
https://doi.org/10.2217/fmb-2020-0315
http://www.ncbi.nlm.nih.gov/pubmed/33625250
https://doi.org/10.1016/j.micinf.2014.09.005
http://www.ncbi.nlm.nih.gov/pubmed/25267358
https://doi.org/10.1093/nar/gkac1164
http://www.ncbi.nlm.nih.gov/pubmed/36511856
https://doi.org/10.3390/nu14112211
http://www.ncbi.nlm.nih.gov/pubmed/35684013
https://doi.org/10.1093/jac/dkx294
http://www.ncbi.nlm.nih.gov/pubmed/28962012


 Research article      Microbiology and Infectious Disease

Prieto, Miró et al. eLife 2024;13:RP95328. DOI: https://doi.org/10.7554/eLife.95328  22 of 23

Rossolini GM, Mantengoli E, Docquier JD, Musmanno RA, Coratza G. 2007. Epidemiology of infections caused 
by multiresistant gram- negatives: ESBLs, MBLs, panresistant strains. The New Microbiologica 30:332–339 
PMID: 17802921. 

Rozwandowicz M, Brouwer MSM, Fischer J, Wagenaar JA, Gonzalez- Zorn B, Guerra B, Mevius DJ, Hordijk J. 
2018. Plasmids carrying antimicrobial resistance genes in Enterobacteriaceae. The Journal of Antimicrobial 
Chemotherapy 73:1121–1137. DOI: https://doi.org/10.1093/jac/dkx488, PMID: 29370371

Salema V, Marín E, Martínez- Arteaga R, Ruano- Gallego D, Fraile S, Margolles Y, Teira X, Gutierrez C, Bodelón G, 
Fernández LÁ. 2013. Selection of single domain antibodies from immune libraries displayed on the surface of 
E. coli cells with two β-domains of opposite topologies. PLOS ONE 8:e75126. DOI: https://doi.org/10.1371/ 
journal.pone.0075126, PMID: 24086454

Salema V, López- Guajardo A, Gutierrez C, Mencía M, Fernández LÁ. 2016. Characterization of nanobodies 
binding human fibrinogen selected by E. coli display. Journal of Biotechnology 234:58–65. DOI: https://doi. 
org/10.1016/j.jbiotec.2016.07.025, PMID: 27485813

Salema V, Fernández LÁ. 2017. Escherichia coli surface display for the selection of nanobodies. Microbial 
Biotechnology 10:1468–1484. DOI: https://doi.org/10.1111/1751-7915.12819, PMID: 28772027

Schmittgen TD, Livak KJ. 2008. Analyzing real- time PCR data by the comparative C(T) method. Nature Protocols 
3:1101–1108. DOI: https://doi.org/10.1038/nprot.2008.73, PMID: 18546601

Senna JPM, Roth DM, Oliveira JS, Machado DC, Santos DS. 2003. Protective immune response against 
methicillin resistant Staphylococcus aureus in a murine model using a DNA vaccine approach. Vaccine 21:2661–
2666. DOI: https://doi.org/10.1016/s0264-410x(02)00738-7, PMID: 12744903

Sherburne CK, Lawley TD, Gilmour MW, Blattner FR, Burland V, Grotbeck E, Rose DJ, Taylor DE. 2000. The 
complete DNA sequence and analysis of R27, a large IncHI plasmid from Salmonella typhi that is temperature 
sensitive for transfer. Nucleic Acids Research 28:2177–2186. DOI: https://doi.org/10.1093/nar/28.10.2177, 
PMID: 10773089

Spellberg B, Guidos R, Gilbert D, Bradley J, Boucher HW, Scheld WM, Bartlett JG, Edwards J Jr, Infectious 
Diseases Society of America. 2008. The epidemic of antibiotic- resistant infections: a call to action for the 
medical community from the infectious diseases society of America. Clinical Infectious Diseases 46:155–164. 
DOI: https://doi.org/10.1086/524891, PMID: 18171244

Suzuki H, Yano H, Brown CJ, Top EM. 2010. Predicting plasmid promiscuity based on genomic signature. Journal 
of Bacteriology 192:6045–6055. DOI: https://doi.org/10.1128/JB.00277-10, PMID: 20851899

Tanmoy AM, Westeel E, Bruyne K, Goris J, Rajoharison A, Sajib MSI, Belkum A, Saha SK, Komurian- Pradel F, 
Endtz HP. 2018. Salmonella enterica serovar typhi in bangladesh: exploration of genomic diversity and 
antimicrobial resistance. mBio 9:e02112. DOI: https://doi.org/10.1128/mBio.00105

Thomas CM, Nielsen KM. 2005. Mechanisms of, and barriers to, horizontal gene transfer between bacteria. 
Nature Reviews. Microbiology 3:711–721. DOI: https://doi.org/10.1038/nrmicro1234, PMID: 16138099

Tiller T, Meffre E, Yurasov S, Tsuiji M, Nussenzweig MC, Wardemann H. 2008. Efficient generation of monoclonal 
antibodies from single human B cells by single cell RT- PCR and expression vector cloning. Journal of 
Immunological Methods 329:112–124. DOI: https://doi.org/10.1016/j.jim.2007.09.017, PMID: 17996249

Troisi M, Andreano E, Sala C, Kabanova A, Rappuoli R. 2020. Vaccines as remedy for antimicrobial resistance and 
emerging infections. Current Opinion in Immunology 65:102–106. DOI: https://doi.org/10.1016/j.coi.2020.09. 
003, PMID: 33289646

Villa L, Poirel L, Nordmann P, Carta C, Carattoli A. 2012. Complete sequencing of an IncH plasmid carrying the 
blaNDM- 1, blaCTX- M- 15 and qnrB1 genes. The Journal of Antimicrobial Chemotherapy 67:1645–1650. DOI: 
https://doi.org/10.1093/jac/dks114, PMID: 22511638

Vrancianu CO, Popa LI, Bleotu C, Chifiriuc MC. 2020. Targeting plasmids to limit acquisition and transmission of 
antimicrobial resistance. Frontiers in Microbiology 11:761. DOI: https://doi.org/10.3389/fmicb.2020.00761, 
PMID: 32435238

Wang J, Stephan R, Zurfluh K, HÃ¤chler H, Fanning S. 2015. Characterization of the genetic environment of 
blaESBL genes, integrons and toxin- antitoxin systems identified on large transferrable plasmids in multi- drug 
resistant Escherichia coli. Frontiers in Microbiology 5:00716. DOI: https://doi.org/10.3389/fmicb.2014.00716

Wang Y, Tian GB, Zhang R, Shen Y, Tyrrell JM, Huang X, Zhou H, Lei L, Li HY, Doi Y, Fang Y, Ren H, Zhong LL, 
Shen Z, Zeng KJ, Wang S, Liu JH, Wu C, Walsh TR, Shen J. 2017. Prevalence, risk factors, outcomes, and 
molecular epidemiology of mcr- 1- positive Enterobacteriaceae in patients and healthy adults from China: an 
epidemiological and clinical study. The Lancet. Infectious Diseases 17:390–399. DOI: https://doi.org/10.1016/ 
S1473-3099(16)30527-8, PMID: 28139431

Welch TJ, Fricke WF, McDermott PF, White DG, Rosso M- L, Rasko DA, Mammel MK, Eppinger M, Rosovitz MJ, 
Wagner D, Rahalison L, Leclerc JE, Hinshaw JM, Lindler LE, Cebula TA, Carniel E, Ravel J. 2007. Multiple 
antimicrobial resistance in plague: an emerging public health risk. PLOS ONE 2:e309. DOI: https://doi.org/10. 
1371/journal.pone.0000309, PMID: 17375195

World Health Organization. 2019. Typhoid vaccines: WHO position paper, March 2018 - Recommendations. 
Vaccine 37:214–216. DOI: https://doi.org/10.1016/j.vaccine.2018.04.022, PMID: 29661581

Yuki Y, Zuo F, Kurokawa S, Uchida Y, Sato S, Sakon N, Hammarström L, Kiyono H, Marcotte H. 2023. Lactobacilli 
as a vector for delivery of nanobodies against norovirus infection. Pharmaceutics 15:63. DOI: https://doi.org/ 
10.3390/pharmaceutics15010063

Zarantonelli ML, Antignac A, Lancellotti M, Guiyoule A, Alonso JM, Taha MK. 2006. Immunogenicity of 
meningococcal PBP2 during natural infection and protective activity of anti- PBP2 antibodies against 

https://doi.org/10.7554/eLife.95328
http://www.ncbi.nlm.nih.gov/pubmed/17802921
https://doi.org/10.1093/jac/dkx488
http://www.ncbi.nlm.nih.gov/pubmed/29370371
https://doi.org/10.1371/journal.pone.0075126
https://doi.org/10.1371/journal.pone.0075126
http://www.ncbi.nlm.nih.gov/pubmed/24086454
https://doi.org/10.1016/j.jbiotec.2016.07.025
https://doi.org/10.1016/j.jbiotec.2016.07.025
http://www.ncbi.nlm.nih.gov/pubmed/27485813
https://doi.org/10.1111/1751-7915.12819
http://www.ncbi.nlm.nih.gov/pubmed/28772027
https://doi.org/10.1038/nprot.2008.73
http://www.ncbi.nlm.nih.gov/pubmed/18546601
https://doi.org/10.1016/s0264-410x(02)00738-7
http://www.ncbi.nlm.nih.gov/pubmed/12744903
https://doi.org/10.1093/nar/28.10.2177
http://www.ncbi.nlm.nih.gov/pubmed/10773089
https://doi.org/10.1086/524891
http://www.ncbi.nlm.nih.gov/pubmed/18171244
https://doi.org/10.1128/JB.00277-10
http://www.ncbi.nlm.nih.gov/pubmed/20851899
https://doi.org/10.1128/mBio.00105
https://doi.org/10.1038/nrmicro1234
http://www.ncbi.nlm.nih.gov/pubmed/16138099
https://doi.org/10.1016/j.jim.2007.09.017
http://www.ncbi.nlm.nih.gov/pubmed/17996249
https://doi.org/10.1016/j.coi.2020.09.003
https://doi.org/10.1016/j.coi.2020.09.003
http://www.ncbi.nlm.nih.gov/pubmed/33289646
https://doi.org/10.1093/jac/dks114
http://www.ncbi.nlm.nih.gov/pubmed/22511638
https://doi.org/10.3389/fmicb.2020.00761
http://www.ncbi.nlm.nih.gov/pubmed/32435238
https://doi.org/10.3389/fmicb.2014.00716
https://doi.org/10.1016/S1473-3099(16)30527-8
https://doi.org/10.1016/S1473-3099(16)30527-8
http://www.ncbi.nlm.nih.gov/pubmed/28139431
https://doi.org/10.1371/journal.pone.0000309
https://doi.org/10.1371/journal.pone.0000309
http://www.ncbi.nlm.nih.gov/pubmed/17375195
https://doi.org/10.1016/j.vaccine.2018.04.022
http://www.ncbi.nlm.nih.gov/pubmed/29661581
https://doi.org/10.3390/pharmaceutics15010063
https://doi.org/10.3390/pharmaceutics15010063


 Research article      Microbiology and Infectious Disease

Prieto, Miró et al. eLife 2024;13:RP95328. DOI: https://doi.org/10.7554/eLife.95328  23 of 23

meningococcal bacteraemia in mice. The Journal of Antimicrobial Chemotherapy 57:924–930. DOI: https://doi. 
org/10.1093/jac/dkl066, PMID: 16513914

Zhang Z, Guo H, Li X, Li W, Yang G, Ni W, Zhan M, Lu L, Zhang Z, Li X, Zhou Z. 2021. Genetic Diversity and 
characteristics of blaNDM- positive plasmids in Escherichia coli. Frontiers in Microbiology 12:729952. DOI: 
https://doi.org/10.3389/fmicb.2021.729952

Zheng B, Dong H, Xu H, Lv J, Zhang J, Jiang X, Du Y, Xiao Y, Li L. 2016. Coexistence of MCR- 1 and NDM- 1 in 
clinical Escherichia coli isolates. Clinical Infectious Diseases 63:1393–1395. DOI: https://doi.org/10.1093/cid/ 
ciw553, PMID: 27506685

https://doi.org/10.7554/eLife.95328
https://doi.org/10.1093/jac/dkl066
https://doi.org/10.1093/jac/dkl066
http://www.ncbi.nlm.nih.gov/pubmed/16513914
https://doi.org/10.3389/fmicb.2021.729952
https://doi.org/10.1093/cid/ciw553
https://doi.org/10.1093/cid/ciw553
http://www.ncbi.nlm.nih.gov/pubmed/27506685

	Targeting plasmid-­encoded proteins that contain immunoglobulin-­like domains to combat antimicrobial resistance
	eLife assessment
	Introduction
	Results
	Ampicillin protects mice from infection with the ﻿S.﻿ Typhimurium SL1344 (WT) strain, but not from infection with the ﻿S.﻿ Typhimurium SL1344 (pHCM1) strain
	Immunization of mice with the RSP protein
	Effects of immunization of mice on the infection caused by the ﻿S﻿. Typhimurium SL1344 (pHCM1) strain
	Survival, body weight evolution, and clinical signs
	Intestinal effects of immunization with the RSP protein and challenge with the SL1344 (pHCM1) strain
	Systemic effects of immunization with the RSP protein and challenge with the SL1344 (pHCM1) strain

	Selection of nanobodies with neutralizing activity against the RSP protein
	Selection of Nb clones displayed on ﻿E. coli﻿ that agglutinate with the ﻿S﻿. Typhimurium SL1344 (R27) strain
	Interference of ﻿E. coli﻿ displaying Nb-RSP #3 strain on the conjugation of the R27 plasmid from the ﻿Salmonella﻿ Typhimurium SL1344 strain

	Discussion
	Methods
	Bacterial strains and growth conditions
	Plasmids
	Oligonucleotides
	Genetic manipulations
	Conjugative transfer of the R27 plasmid
	Purification of the native RSP protein for the immunization assay
	Purification of the C-terminal domain of the RSP protein
	Immunization of dromedaries with the C-terminal fragment of the RSP protein and selection of clones producing anti-RSP specific nanobodies
	Cloning and purification of the RSP-specific nanobody (VHH-RSP #3)
	Enzyme-linked immunosorbent assays to evaluate the specific VHH-RSP #3 binding to the RSP protein
	In vivo immunization and infection of mice
	Set up of the infection protocol with the SL1344 (pHCM1) strain
	Immunization with the RSP protein and infection with the ﻿S﻿. Typhimurium SL1344 (pHCM1) strain

	Bacterial counts in the spleen
	Immunoglobulin concentration
	Cytokine expression in spleen and colon
	Immunogold electron microscopy
	Statistical analysis

	Acknowledgements
	Additional information
	﻿Funding
	Author contributions
	Author ORCIDs
	Ethics
	Peer review material

	Additional files
	Supplementary files

	References


