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Background

Uropathogenic Escherichia coli (UPEC) is the leading cause of urinary tract infections (UTIs), which are increasingly antibiotic resistant and frequently recur. Novel therapeutics are sought to treat and prevent recurrent UTIs (rUTIs), including vaccines. Key virulence factor FimH, which mediates bacterial adhesion to host cells and biofilm formation, is a promising target for a vaccine against UPEC. We assessed the immunogenicity of mRNA-based nanoparticle vaccines against UPEC containing FimH as the encoded antigen.





Methods

Lipid nanoparticle (LNP)-formulated mRNA vaccines encoding FimH as a monomeric, pre-binding conformation protein (FimHDG), or a multimeric protein nanoparticle (PNP) through fusion to Helicobacter pylori ferritin (FimHDG-Ferritin) were developed. Immunogenicity was assessed in vivo in female BALB/cAnNRj mice and female Wistar rats following three intramuscular (IM) injections of FimHDG or FimHDG–Ferritin mRNA vaccines, or comparator protein subunit vaccines. Antibody levels and functional response were measured in serum and urine by ELISA and bacterial adhesion inhibition (BAI) assays. T cell response was characterized by flow cytometry.





Results

In both animal models, unmodified FimHDG and FimHDG-Ferritin mRNA vaccines induced higher functional serum antibody levels compared with the protein subunit vaccine control, at the tested dosages. FimHDG-Ferritin resulted in greater binding antibody levels and higher splenic FimH-specific CD4+ and CD8+ T cell responses compared with monomeric FimHDG in both models, resulting in its nomination as lead candidate vaccine design. Validation in rats demonstrated that N1mΨ nucleoside modification further enhanced FimHDG-Ferritin immunogenicity compared with unmodified mRNA.





Conclusions

The mRNA vaccine FimHDG-Ferritin with N1mΨ-modified nucleosides is a promising candidate for further development as a vaccine against UPEC.
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1 Introduction

Urinary tract infections (UTIs) are among the most common bacterial infections globally, with over 404 million cases reported in 2019 (1). In the US alone, the annual direct healthcare costs associated with UTIs are estimated to be around $2 billion (2). UTIs are significantly more common in women than in men; the lifetime incidence is 50−60% in adult women compared with just 12% in men (3, 4). Current medical approaches for the management of UTIs include prophylactic measures, over-the-counter medications, or treatment with antibiotics (5). Despite these measures, around one quarter of women will experience another UTI within six months of treatment for the initial infection (6). The occurrence of two or more UTIs within six months, or three or more UTIs within a year, is defined as recurrent UTI (rUTI) (5).

The most common causative agent of UTIs is uropathogenic Escherichia coli (UPEC), accounting for approximately 75% of cases (7). In general, the bacteria are transmitted to the urinary tract through fecal shedding and ascend the urinary tract to invade and colonize the bladder (cystitis) and kidneys (pyelonephritis) (8). The formation of biofilm-like intracellular bacterial communities in the host tissue contributes to the recurrence of UTIs within a short period of time (9, 10). Moreover, the prevalence of antimicrobial resistance is a major obstacle to successful treatment of UTIs caused by UPEC (11). Indeed, resistance to common antibiotics has been found in 29.7–46.2% of UPEC-derived rUTIs (12). In response, whole cell vaccines against UPEC have been developed, including Uro-Vaxom/OM-89, Solco-Urovac, and Uromune/MV140 (13–15). However, a recent systematic review found limited evidence of their long-term efficacy for reducing rUTIs in adult female patients (16) and while they are available in some countries, no vaccine to prevent rUTI infection has received FDA approval to date (17). Therefore, there is a significant unmet need for an efficacious vaccine targeting UPEC.

In this work, we investigated the immunogenicity of lipid nanoparticle (LNP)-formulated messenger ribonucleic acid (mRNA)-based candidate vaccines against UPEC. Developed using CureVac’s proprietary RNActive® technology, these vaccine candidates encode the pilin FimH, a highly conserved key virulence factor of UPEC that is displayed at the tip of type 1 pili and mediates both biofilm formation and bacterial adhesion to host tissue (8, 18–20). The N-terminal lectin domain of FimH (FimHL) binds to mannosylated proteins (e.g. uroplakins) expressed on the surface of uroepithelial cells (8, 21). The C-terminal pilin domain of FimH possesses a hydrophobic groove that can impact protein conformation by interaction with different proteins, including the bacterial proteins FimG and FimC that hold the protein in a pre-and post-binding conformation, respectively (8, 21–23). In the pre-binding conformation, FimH transitions between low- and high-affinity binding modes through an equilibrium between tense and relaxed conformation states (8). By fusing a donor strand peptide of FimG to FimH (FimHDG), vaccine candidates investigated here enable the expression of FimH stabilized in an immunologically preferred pre-binding conformation (24). Vaccines were either designed to encode a secreted monomeric protein (FimHDG) or a secreted protein that self-assembles into a multimeric protein nanoparticle (PNP) by encoding Helicobacter pylori (H. pylori) ferritin fused to FimHDG (FimHDG-Ferritin).

Ferritin PNPs have shown promise as delivery systems to increase the efficacy and safety of various therapeutic applications, such as anti-cancer drugs and novel prophylactic vaccines (25–29). Ferritin PNPs can present antigens on their surface, as seen with SARS-CoV-2 Spike and influenza stem hemagglutinin antigens (26, 28, 30–32). Protein-based approaches have shown broad immunogenicity and longer blood half-life of ferritin PNPs compared to antigens alone (30, 31, 33). H. pylori ferritin has also been employed as a fusion domain in mRNA vaccine development, improving antigenicity and immunogenicity of vaccines in animal models of SARS-CoV-2 (34) and HIV-1 (35). With good potency, safety and efficacy, mRNA vaccines are promising alternatives to traditional vaccines (36), highlighting the potential synergy that can be achieved in a vaccine platform harnessing both mRNA and ferritin PNP technology.

Existing strategies in UPEC vaccine development have largely involved protein subunit vaccines (37). These include the FimCH vaccine, where a complex of the chaperone FimC and FimH is formulated with a synthetic adjuvant, Phosphorylated HexaAcyl Disaccharide (PHAD™). In a Phase 1 study, the FimCH vaccine was able to reduce the frequency of UTIs in a subset of women with rUTI following administration of four doses (38). However, to our knowledge, no mRNA-based vaccines encoding antigens clustering on H. pylori ferritin PNPs have been clinically tested to date. Here, the mRNA vaccine candidates FimHDG and FimHDG-Ferritin (including unmodified or N1-methyl-pseudouridine (N1mΨ)-modified nucleosides) were evaluated in vivo in mice and rats for induction of FimH-specific humoral and/or cellular immune responses, using PHAD-adjuvanted FimHC and AS01-adjuvanted FimHDG protein subunit vaccines as controls (39).




2 Materials and methods



2.1 mRNA vaccines

mRNA vaccines were developed with CureVac’s RNActive® platform and contained either chemically unmodified nucleosides or N1mΨ-modified nucleosides. Vaccines comprised of a 5′ cap1 structure, a 5′ untranslated region (UTR) from the human hydroxysteroid 17-beta dehydrogenase 4 gene (HSD17B4), a GC-enriched open reading frame (ORF), a 3′ UTR from the human proteasome 20 S subunit beta 3 gene (PSMB3), a histone stem-loop, and a poly(A) tail. LNP encapsulation of mRNA was performed using LNP technology from Acuitas Therapeutics (Canada). LNPs were composed of an ionizable amino lipid, phospholipid, cholesterol, and a PEGylated lipid. The FimHDG mRNA vaccine encoded an N-terminal signal peptide from the mouse Igκ light chain (amino acid [aa] 1–20; NCBI reference sequence: AAH80787.1) followed by FimH from E. coli strain J96 (aa 22–300; NCBI reference sequence: ELL41155.1), a 5-aa linker (PGDGN), and the donor strand peptide of FimG from E. coli strain J96 (denoted as DG; aa 24–37; NCBI reference sequence: ELL41154.1). The FimHDG-Ferritin mRNA vaccines encoded FimHDG with a different signal peptide (human IgE; aa 1–18; NCBI reference sequence: AAB59424.1) N-terminally linked via serine-glycine-glycine (SGG) to the ferritin domain of H. pylori strain J99 (aa 5-167; NCBI reference sequence: AAD06160.1) containing an N19Q mutation to remove a potential N-linked glycosylation site (33). The immunogenicity of FimH mRNA vaccines containing either Igκ- or IgE-derived signal peptides was tested in mice, and no significant differences were found based on the choice of signal peptide (39).




2.2 Protein vaccines

The PHAD-adjuvanted FimHC (also designated as FimCH) protein subunit vaccine consisted of a complex of FimH and FimC and was obtained as previously described (40). The AS01-adjuvanted FimHDG (also designated as FimHdG) protein subunit vaccine employed an aa sequence that corresponds to the encoded sequence of the FimHDG mRNA vaccine (without a signal peptide) and was obtained as previously described (39).




2.3 Animal ethics statement

Animal research in this study is reported in accordance with ARRIVE reporting guidelines (41). Female BALB/cAnNRj mice (Janvier Labs, France) and female Wistar rats (Charles River Laboratories, Germany) were provided and handled by Preclinics Gesellschaft für präklinische Forschung mbH (Germany). All in-life experimental procedures undertaken during the course of the mouse and rat immunization studies were conducted in accordance with German laws and guidelines for animal protection, appropriate local and national approvals, and with Directive 2010/63/EU of the European Parliament and of the Council of 22 September 2010 on the protection of animals used for scientific purposes. Ethical approval was obtained from Land Brandenburg, Landesamt für Arbeitsschutz, Vebraucherschutz und Gesundheit (Germany) for the mouse (reference number: 2347-14-2018) and rat (reference number: 2347-5-2021) studies. Animals were acclimated for at least one week before any procedures were carried out and were 6–7 weeks old at the start of the study. Mice were kept in Macrolon type II cages (4 mice per cage) and rats were kept in Macrolon type IV cages (3–4 rats per cage). Both were housed at a temperature of 19–23°C, humidity of 35–50%, 15 air changes per hour and a 12/12-hour light/dark cycle. Diets consisted of Ssniff R/M-H extruded (V1536); both food and water were provided ad libitum.




2.4 Vaccination studies

A total of 158 animals were used in these studies (32 mice [n=8/group]; 70 rats in the first study [n=7/group]; 56 rats in the second study [n=8/group]). The sample size was selected to be as low as possible in each study while still providing sufficient power to determine between-group differences, based on the authors’ experience and knowledge from previous mouse and rat studies. Animals were assigned to groups at random on arrival and the studies were not blinded.

mRNA vaccine dosages used were decided based on accumulated learnings from previous studies performed by CureVac or others (38–40), and the protein subunit vaccine dosage was used at a similar level to the mRNA dosages. Of note, equal doses of protein and mRNA vaccine injected are not expected to result in equivalent amounts of antigen presented in vivo, since mRNA-based expression is highly dependent on the cell type-specific quality of mRNA vaccine uptake, antigen expression and/or secretion (42, 43).

On Days 0, 21, and 35, female BALB/cAnNRj mice (n=8/group) received an intramuscular (IM) injection (50 µL; 25 µL each into the left and right M. tibialis) of either: 2 µg FimHC protein complex subunit vaccine adjuvanted with 4 µg PHAD; 2 µg of FimHDG mRNA vaccine (unmodified nucleosides); or 2 µg of FimHDG-Ferritin mRNA vaccine (unmodified nucleosides) using a single-use insulin syringe with an integrated 30G needle (BD, Cat. 324825). Mice receiving physiological saline (25 µL of 0.9% NaCl into left or right M. tibialis) served as negative controls. The animals in each group were divided into two cohorts (n=4/cohort), and the experiment was started on two consecutive days. Blood samples were collected into Z-clot activator microtubes (Sarstedt, Cat. 20.1291) by retro-orbital bleeding on Days 21, 35, and 49 under inhalation anesthesia using isoflurane (5 vol%). The samples were incubated for 0.5–1 hour (h) at room temperature (RT), and sera were obtained by collecting the supernatant after centrifugation (5 minutes [min]; 10,000 × g; RT). Spontaneous urine was collected on Days 21 and 35 by placing the animals in a cage with hydrophobic Medicat LabSand™ bedding (WDT, Cat. 27906) and collecting urine directly with a pipette. On Day 49, urine was collected by puncture of the bladder to ensure the collection of a larger sample volume. Urine was centrifuged (5 min; 10,000 × g; RT) and the supernatant used for analysis. At the end of the study on Day 49, mice were euthanized by exsanguination under inhalation anesthesia using isoflurane (5 vol%).

Splenocytes were isolated by mechanical disruption of the spleen using 40 µm cell strainers (Pluriselect, Cat. 43-50040-51). Red blood cells were lysed and splenocytes were washed, resuspended in supplemented medium and finally stored as single-cell suspensions in liquid nitrogen until use.

For the first rat study, female Wistar rats (n=7/group) were injected IM three times (100 µL each into the left or right M. gastrocnemius) on Days 0, 21, and 35 with either: 0.7 µg, 2.8 µg or 8.5 µg FimHDG protein subunit vaccine adjuvanted with 2.5 µg AS01 each; 1 µg, 4 µg or 12 µg FimHDG mRNA vaccine; or 1 µg, 4 µg or 12 µg FimHDG-Ferritin mRNA vaccine containing unmodified nucleosides. In the second rat study, female Wistar rats (n=8/group) were injected IM three times (100 µL each into the left or right M. gastrocnemius) on Days 0, 21, and 35 with either: 1 µg or 12 µg FimHDG protein subunit vaccine adjuvanted with 2.5 µg AS01 each, or 1 µg or 12 µg of FimHDG-Ferritin mRNA vaccines containing either unmodified or N1mΨ-modified nucleosides. Injections were performed using a single-use insulin syringe with an integrated 30G needle (BD, Cat. 324825) and rats receiving physiological saline (100 µL of 0.9% NaCl into left or right M. gastrocnemius) served as negative controls.

Blood samples were collected on Days 21 and 35 by retro-orbital bleeding into Multivette 600 Z-Gel tubes (Sarstedt, Cat. 15.1674) and on Day 49 by heart puncture into Vacuette tubes (8 mL CAT Serum Sep Clot Activator; Greiner Bio One, Cat. 455071) under inhalation anesthesia using isoflurane (5 vol%). The samples were incubated for 0.5–1 h at RT, and sera were then obtained by collecting the supernatant after centrifugation (5 min; 10,000 × g; RT). Spontaneous urine was collected on Days 21 and 35 by placing the animals in an empty cage and urine collected directly with a pipette if the animals urinated. If no urine could be gained, the abdomen was palpated whilst under anesthesia for test substance administration. In case of a palpable bladder, the urine was gained by gentle pressure on the bladder. On Day 49, urine was collected by puncture of the bladder. Urine was centrifuged (5 min; 10,000 × g; RT) and the supernatant used for analysis. At the end of the study on Day 49, rats were euthanized by exsanguination under inhalation anesthesia using isoflurane (5 vol%).

Mice and rats were visually inspected at least once daily for evidence of ill-health. The injection sites were monitored daily after each injection for swelling, reddening or other adverse effects until no deviations from the normal condition could be detected. Body weights were obtained on Days 0, 1, 2, 7, 14, 21, 22, 28, 35, 36, 42 and 49. Body weight loss of more than 20% was established a priori as criteria for exclusion from study; no animals were excluded.




2.5 Quantification of binding antibodies

Quantities of FimHL-specific binding antibodies (total IgG) in sera and urine samples of vaccinated mice or rats were assessed by indirect enzyme-linked immunosorbent assay (ELISA). 96-well MaxiSorp ELISA plates (black; ThermoFisher Scientific, Cat. 437111) were coated with 1 µg/mL of a recombinant FimHL protein overnight at 4 °C. FimHL was obtained as previously described (39). Plates were washed and blocked for 2 h at 37 °C with 5% milk in phosphate-buffered saline (PBS)/0.05% Tween-20 for mouse samples and 1% bovine serum albumin (BSA) in PBS/0.05% Tween-20 for rat samples. Serum samples were added in serial dilution and incubated for 2 h at RT. For mouse urine, the FimHL-specific binding antibody levels were determined in two pools of four animals each due to the small amount of urine; whereas, rat urine samples were tested per animal. For sample preparation, the pH value of each mouse urine pool or rat urine sample was measured. If the pH value was <7, urine samples were neutralized by mixing the samples 1:1 with PBS (pH 8.2). If the pH value was ≥7, urine samples were directly diluted 1:2 in blocking buffer. Dilution in PBS (pH 8.2) or blocking buffer was performed directly as a predilution before urine samples were added in serial dilution and incubated for 2 h at RT. After washing, plates were incubated with either horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG (H+L) (1:5000; Jackson-Immuno Research, Cat. 115-035-003) or HRP-conjugated goat anti-rat IgG (1:5000; Sigma Aldrich, Cat. A9037) in blocking buffer for 1–1.5 h at RT. Finally, plates were washed, Amplex™ UltraRed reagent (1:200; Invitrogen, Cat. A36006) with 30% H2O2 (1:2000; Fluka, Cat. 95302) was added, and fluorescence was detected after 45–90 min using a BioTek SynergyHTX plate reader (excitation 530/25, emission detection 590/35, sensitivity 45; Agilent BioTek). The ELISA endpoint titers were defined as the highest reciprocal serum or urine dilution that yielded a signal above the mean background signal plus 5-fold standard deviation (SD).




2.6 T cell analysis

The induction of antigen-specific T cells was determined using intracellular cytokine staining in combination with flow cytometry. Mouse splenocytes were thawed and 2 x 106 cells per well (200 µL) were stimulated for 6–7 h at 37 °C with a custom-made 15-mer overlapping (11 aa) peptide library (1 µg/mL for each peptide) covering the full-length FimH in the presence of anti-CD28 (1:400; BD Biosciences, Cat. 553294) in α-MEM medium (Gibco, Cat. 22561) with 10% FCS (HyClone, Cat. 30160.03), 100 U/mL penicillin/100 mg/mL streptomycin (Lonza, Cat. DE17-602E), 2 mM L-glutamine (Lonza, Cat. BE17-605E) and 10mM HEPES (CureVac SE). After 1 h, GolgiPlug™ (BD Biosciences, Cat. 555029) was added in a dilution of 1:200 (50 µL) to the splenocytes to inhibit cytokine secretion. After stimulation, splenocytes were centrifuged, resuspended in supplemented α-MEM medium (Gibco, Cat. 22561), and stored overnight at 4 °C. On the following day, splenocytes were washed twice in PBS and stained with LIVE/DEAD™ fixable aqua dead cell stain kit (Invitrogen, Cat. L34957) for 30 min at 4 °C in the dark. After an additional washing step in PBS with 0.5% BSA, cells were surface stained for Thy1.2 (FITC rat anti-mouse CD90.2 [Thy1.2]; 1:200; BioLegend, Cat. 140304), CD4 (V450 rat anti-mouse CD4; 1:200; BD Biosciences, Cat. 560468) and CD8 (APC-Cy7 rat anti-mouse CD8a; 1:200; BioLegend, Cat. 100714) and incubated with FcγR-block (rat anti-mouse CD16/CD32; 1:100; Invitrogen, Cat. 14-0161-85) in PBS with 0.5% BSA for 30 min at 4 °C in the dark. Splenocytes were then washed and fixed using Cytofix/Cytoperm™ solution (BD Biosciences, Cat. 554722) for 20 min at RT in the dark. After fixation, cells were washed in permeabilization buffer (PBS, 0.5% BSA, 0.1% Saponin) and stained for interferon (IFN)-γ (APC rat anti-mouse IFN-γ; 1:100; BD Biosciences, Cat. 554413) and tumor necrosis factor (TNF; Phycoerythrin [PE]-conjugated, rat anti-mouse TNF alpha, 1:100; Invitrogen, Cat. 12-7321-82) for 30 min at 4 °C in the dark. Splenocytes were subsequently washed in permeabilization buffer and resuspended in PBEA buffer (PBS, 0.5% BSA, 2 mM EDTA, 0.01% sodium azide). Finally, splenocytes were analyzed by flow cytometry on a ZE5 flow cytometer (Bio-Rad Laboratories, Inc.) and data were analyzed using FlowJo™ software version 10.7.2 (Tree star, Inc.; Ashland, OR, USA).




2.7 Bacterial adhesion inhibition assay

Functional antibody responses were assessed by bacterial adhesion inhibition (BAI) assay as previously described (39). Briefly, a UPEC strain [UTI89; (44)] engineered to express the mCherry fluorescent marker was incubated for 30 min with monolayers of human uroepithelium cell line SV-HUC-1 (ATCC) in 96-well plates (ATCC, Cat. CRL-9520) in the presence of serially diluted sera from vaccinated or sham-vaccinated mice or rats. As positive and negative controls, 20% D-(+)-mannose and medium were used, respectively. After adhesion, cells were washed extensively to remove unbound bacteria and fixed with formaldehyde. Finally, the specific fluorescent signal associated with the adhered bacteria was recorded using an automated high content screening microscope (Opera Phenix) and quantified with Harmony software (Opera Phenix, version 5.1). The BAI titers were determined as the reciprocal serum dilution leading to 50% bacterial adhesion inhibition, indicated by the inflection point of the dose-response curve.




2.8 In vitro protein expression

For expression analysis of LNP-formulated mRNA encoding either FimHDG or FimHDG-Ferritin containing either unmodified or modified (N1mΨ) nucleosides, HEK 293T cells were seeded at a density of 4 x 105 cells/well in 6-well-plates (Sarstedt, Cat. 83.3920.300). The next day, cells were transfected under serum-free conditions with 0.5 µg of the respective mRNA vaccine per well. Protein expression in cell culture supernatants or cell lysates was assessed 48 h post transfection via SDS-PAGE (45) and western blotting. Supernatants were harvested and residual cells removed by centrifugation (500 × g, 3 min). Cells were lysed using RIPA with NP-40. Laemmli sample buffer (6x) was added to the supernatants and lysates before heating for 5 min at 95 °C. Equal sample volume (12.5 µl) was loaded per lane and proteins were separated on 4–20% Mini-PROTEAN® TGX™ Precast Protein Gels (Bio-Rad, Cat.456-1095) before transfer to a nitrocellulose membrane (Odyssey® nitrocellulose membrane, pore-size: 0.22 µm; LI-COR, Cat. 926-31092). Specific proteins were detected using mouse anti-FimHLcys polyclonal antiserum (1:1,000; obtained as previously described (39) and rabbit anti-alpha/beta tubulin antibody (1:1,000; Cell Signaling, Cat. 2148S), followed by goat anti-mouse IgG IRDye® 800CW (1:10,000; LI-COR, Cat. 926-32210) and goat anti-rabbit IgG IRDye® 680RD (1:10,000; LI-COR, Cat. 926-68071), respectively. Protein detection and image processing were carried out in an Odyssey® CLx Imaging System and LI-COR’s Image Studio™ Lite version 5.2.5 according to the manufacturer’s instructions. All blots displayed in Figure 1C derive from the same experiment and were processed in parallel.

[image: Diagram divided into three panels: A shows schematic of open reading frames of mRNAs encoding FimH_DG and FimH_DG-Ferritin with labelled segments; B displays a 3D molecular model of FimH_DG-Ferritin protein nanoparticle with a ferritin core and surface FimH copies; C features Western blot results comparing FimH_DG and FimH_DG-Ferritin expression in lysates and supernatants.]
Figure 1 | Proteins translated from mRNAs encoding FimHDG or FimHDG-Ferritin are secreted in cell culture. (A) Schematic representation (depiction not to scale) of the open reading frames (ORFs) of mRNAs encoding FimHDG or FimHDG-Ferritin. The ORFs include a signal peptide (SP IgE or SP Igk) at the N-terminus, followed by FimH from E. coli strain J96 (FimH - J96), a 5-amino acid (aa) linker (PGDGN), and the donor strand peptide of FimG (G peptide). The ORF of FimHDG-Ferritin contains an additional 3-aa linker (SGG) and the ferritin domain from H. pylori strain J99 (Ferritin [5-167; N19Q]) at the C-terminus. (B) Predicted structure of an mRNA-derived FimHDG-Ferritin protein nanoparticle (PNP). The expressed fusion protein FimHDG-Ferritin is expected to be presented to cells of the immune system as secreted self-assembled 24-mer PNPs. Each PNP is expected to consist of a ferritin core (green) displaying 24 copies of FimH (blue) stabilized in a pre-binding conformation by the PGDGN-linked (pink) donor strand peptide of FimG (yellow) on its surface. FimHDG-Ferritin denotes the fusion of FimH with the donor strand peptide of FimG (DG) and the H. pylori ferritin domain using an SGG-linker (grey). (C) HEK 293T cells were transfected with LNP-formulated mRNA containing either unmodified (U) or modified (N1mΨ) nucleosides encoding either FimHDG or FimHDG-Ferritin. FimH expression in cell lysates and supernatants was analyzed via western blotting 48 h post transfection. HEK 293T cells incubated with medium served as negative control (Neg) and 100 ng recombinant FimHL protein loaded to the gels was used as positive control (Protein). Rabbit anti-tubulin antibody (rαTub) was employed as loading control. Uncropped images are shown in Supplementary Figure S1.




2.9 Human peripheral blood mononuclear cell stimulation and measurement of human IFN-α

Human peripheral blood mononuclear cells (hPBMCs) were isolated from buffy coats obtained from healthy adult donors through the blood bank in Tübingen (ZKT Tübingen gGMbH). Donors gave informed written consent for the use of their blood products in research and were anonymized prior to transfer to CureVac. Buffy coats were processed within 24 h of collection. Each buffy coat was diluted 1:1 with PBS and layered over Ficoll-Paque PLUS (Cytiva former GE Healthcare, Cat. 17-1440-02) for density gradient centrifugation at 805 × g for 20 min at RT without brake. The hPBMC layer was collected, washed twice with PBS, and cells were counted using a hemocytometer and trypan blue. Isolated hPBMCs were cryopreserved in FCS (HyClone, Cat. 30160.03) containing 10% DMSO (Sigma-Aldrich, Cat. 41639) and stored in liquid nitrogen. For stimulation, cryopreserved hPBMCs were thawed and transferred into 37 °C pre-warmed cell medium RPMI 1640 (Gibco, Cat. 52400025) with 20% FCS, 100 U/mL penicillin/100 mg/mL streptomycin (Lonza, Cat. DE17-602E), 2 mM L-glutamine (Lonza, Cat. BE17-605E). The cells were washed once, reconstituted, and 4 x 105 cells were seeded per well into 96-well flat-bottom cell culture plate (Sarstedt, Cat. 83.3924). hPBMCs from three donors were incubated each in triplicates with 10 µg/mL of FimHDG-Ferritin mRNA vaccines containing either unmodified or modified (N1mΨ) nucleosides, prediluted in medium without FCS, in a total volume of 200 µL. hPBMCs treated with medium were used as control. After 24 h, cell-free supernatants were collected and analyzed in a 1:20 or 1:40 dilution using an IFN-α ELISA kit (PBL, Cat. 41115-1) according to the manufacturer’s instructions.




2.10 Statistical analyses

For the mouse and rat studies, differences between vaccines were assessed for each relevant readout using Analysis of Variance (ANOVA); different days were analyzed separately. For the rat study, the analysis accounted for both vaccine type and dose level, as well as the interaction between these two factors (vaccine*dose) to account for different potency between vaccines across the doses tested. If a significant difference between the vaccines was identified (assuming a significance level of α = 0.05), a post-hoc pairwise comparison test was performed to identify the differences using the Least Significant Difference (LSD) method. The corresponding P values are represented in the respective graphs.

All binding antibody data were log10-transformed for analysis. Normality was tested using the Shapiro-Wilk test, and subsequently by examination of QQ plots. Due to low granularity of values, in some cases Shapiro-Wilk indicated possibly non-normal data, but the corresponding QQ plots demonstrated little to no bias, suggesting underlying normality. In such cases, the Scheirer-Ray-Hare test was used to confirm the ANOVA results. Sphericity was tested using Mauchly’s test and was met in all cases. All statistical analyses were conducted in R (version 4.4.0 or higher, R Foundation for Statistical Computing) with Rstudio as the graphic user interface. The ANOVA was carried out using the aov function from the stats package and post-hoc tests using the PostHocTest function from the DescTools package.





3 Results



3.1 Proteins translated from mRNAs encoding FimHDG or FimHDG-Ferritin are secreted in cell culture

The ORFs of the mRNAs encoding FimHDG or FimHDG-Ferritin are depicted in Figure 1A. Both ORFs include a signal peptide (SP; SP Igk or SP IgE, respectively) at the N-terminus, followed by FimH from E. coli strain J96 (FimH – J96), a 5-aa linker (PGDGN), and the donor strand peptide of FimG (G peptide). The ORF of FimHDG-Ferritin contains an additional 3-aa linker (SGG) and the ferritin domain from H. pylori strain J99 (Ferritin [5-167; N19Q]) at the C-terminus. Antigen display on the ferritin surface enables uniform presentation of 24 copies of the antigen (46). The expressed fusion protein FimHDG-Ferritin is therefore expected to be presented to cells of the immune system as secreted self-assembled 24-mer PNPs, with FimH stabilized in a pre-binding conformation by the donor strand peptide of FimG on its surface (Figure 1B) (24).

Western blot analysis of cells transfected with LNP-formulated mRNA containing either unmodified (U) or modified (N1mΨ) nucleosides encoding either FimHDG or FimHDG-Ferritin confirmed that mRNA encoding FimHDG or FimHDG-Ferritin supported efficient expression and secretion of FimH (Figure 1C; Supplementary Figure S1).




3.2 FimHDG and FimHDG-Ferritin mRNA vaccine candidates induce robust humoral and cellular immune responses in mice

In order to assess the immunogenicity of the mRNA-based FimH vaccine candidates, BALB/cAnNRi mice received three IM injections of either FimHDG or FimHDG-Ferritin mRNA vaccines, both containing unmodified nucleosides, or PHAD-adjuvanted FimHC protein complex subunit vaccine as a control. Animals receiving the FimHDG-Ferritin mRNA vaccine or the PHAD-adjuvanted FimHC protein subunit vaccine showed the highest levels of FimHL-specific IgG binding antibodies in serum (Figure 2A) and urine (Figure 2B) after the first vaccine administration (Day 21). Differences between the vaccine groups were less pronounced after the second or third vaccine administration. Functional antibody responses (i.e. antibodies preventing UPEC binding to target cells), as measured by BAI assay, were highest in the group immunized with the FimHDG-Ferritin mRNA vaccine (Figure 2C). In contrast to the binding antibody levels, the functional antibody responses measured in mice that had received the PHAD-adjuvanted FimHC protein subunit vaccine were substantially lower than in the mRNA vaccine-administered groups. In addition to humoral responses, the FimHDG and FimHDG-Ferritin mRNA vaccines induced cellular responses. Significantly higher levels of FimH-specific CD4+ and CD8+ T cells producing IFN-γ and TNF were detected in the spleens of mice administered with FimHDG-Ferritin compared with FimHDG mRNA, while there were no measurable T cell responses for the PHAD-adjuvanted FimHC protein subunit vaccine (Figure 2D; Supplementary Figure S2).

[image: Bar graphs present experimental data comparing antibody and T cell response to different vaccine administrations at different timepoints. Panel A displays total IgG endpoint titers in the serum on days 21, 35, and 49, with statistical significance indicated. Panel B shows IgG endpoint titers in the urine on the same days. Panel C illustrates functional antibody titers, with negative control at day 21 and day 49 not tested. Panel D compares TNF and IFN gamma levels in CD8+ and CD4+ cells, also noting statistical significance. Legends identify treatment groups: negative control (NaCl), FimHC protein, FimH_DG mRNA, and FimH_DG-Ferritin mRNA.]
Figure 2 | FimH-based mRNA vaccines containing unmodified nucleosides induced robust levels of both humoral and cellular immune responses in mice. Female BALB/c mice (n=8/group) were vaccinated IM three times on Day 0, 21, and 35 with 2 µg of PHAD-adjuvanted FimHC protein complex subunit vaccine (pink bars), 2 µg of FimHDG mRNA vaccine (yellow bars), or 2 µg of FimHDG-Ferritin mRNA vaccine (orange bars). Mice receiving physiological saline (0.9% NaCl; grey bars) served as negative controls. FimHL-specific binding antibody endpoint titers in serum (A) or urine (B), determined by ELISA, as well as functional serum antibody titers measured by BAI assay (C) in samples collected after one (Day 21), two (Day 35), or three (Day 49) vaccinations are displayed. Multifunctional TNF/IFN-γ-positive CD4+ and CD8+ T cells (D) were analyzed in splenocytes isolated on Day 49 by stimulation with FimH-specific peptides followed by intracellular cytokine staining and detection by flow cytometry. The gating strategy for this analysis is shown in Supplementary Figure S2. In (A, D), diamond symbols represent individual animals, and bars depict either geometric means with geometric SD in (A) or means with SD in (D). Each bar shown in (B) represents the geometric mean of two urine pools per group, each containing urine from four animals. Each bar depicted in (C) represents one functional antibody titer per group, determined based on pooled serum samples derived from all animals in the respective group. Dotted lines indicate the lower limit of quantification (LLOQ). Values below the LLOQ were set to 0.5 (non-responders in BAI assay; C). Data from individual days displayed in (D) were statistically analyzed using an ANOVA followed by the LSD post test. P values are displayed and significant differences between vaccines are marked by asterisks (**P < 0.01, ***P < 0.001; ns, not significant).




3.3 FimHDG and FimHDG-Ferritin mRNA vaccine candidates induce robust levels of binding and functional antibodies in rats

In the first confirmatory immunogenicity study in Wistar rats, various doses of the selected mRNA vaccine candidates FimHDG and FimHDG-Ferritin containing unmodified nucleosides were tested, along with an AS01-adjuvanted FimHDG protein subunit vaccine used as comparator (Figure 3). At the tested dosages, the FimHL-specific binding antibody levels in serum (Figure 3A) corresponded with the functional antibody responses, detected via the BAI assay (Figure 3C). Results indicate that the highest antibody titers were induced after the second and third administrations of the FimHDG-Ferritin mRNA vaccine candidate, followed by the FimHDG mRNA vaccine and the protein subunit vaccine control. In general, the groups with the highest binding antibody titers in serum also had the highest titers in urine (Figure 3B), as well as the highest functional antibody levels in serum.

[image: Bar graphs depicting total IgG endpoint titers (panel A and B) and functional antibody titers (panel C) on Days 35 and 49. Groups compared include negative control (NaCl),  FimH_DG protein, FimH_DG mRNA and FimH_DG-Ferritin mRNA. Panel A and B show increases in titers for FimH_DG protein, mRNA, and FimH_DG-Ferritin mRNA across various dosages compared to the negative control (NaCl). Statistically significant differences between groups are marked with asterisks. Panel C illustrates the functional antibody titers with higher values for mRNA groups compared to the control and protein vaccine on both days.]
Figure 3 | FimH-based mRNA vaccines using unmodified nucleosides induced robust levels of binding and functional antibody responses in rats. Female Wistar rats (first rat study; n=7/group) were vaccinated IM three times on Day 0, Day 21, and Day 35 with different doses of AS01-adjuvanted FimHDG protein subunit vaccine (pink bars), FimHDG mRNA vaccine (yellow bars), or FimHDG-Ferritin mRNA vaccine (orange bars) as indicated. Rats receiving physiological saline (0.9% NaCl; grey bars) served as negative controls. FimHL-specific binding antibody endpoint titers in serum (A) or urine (B), determined by ELISA, as well as functional serum antibody titers measured by BAI assay (C) in samples collected after two (Day 35) or three (Day 49) vaccinations are displayed. In (A, B), diamond symbols represent individual animals, and bars depict geometric means with geometric SD. Each bar depicted in (C) represents one functional antibody titer per group, determined based on pooled serum samples derived from all animals in the respective group. Dotted lines indicate the lower limit of quantification (LLOQ). Values below the LLOQ were set to 1.5 (non-responders in BAI assay; C). Individual days were statistically analyzed using an ANOVA followed by the LSD post test. P values are displayed and significant differences between vaccines across the doses tested are marked by asterisks (***P < 0.001; ns, not significant).

Together with the findings from the mouse study, these results clearly demonstrated that multimerization of the FimH antigen via fusion to ferritin enhanced the immunological potency compared to the monomeric mRNA design.




3.4 FimHDG-Ferritin mRNA vaccine including N1mΨ-modified nucleosides induces robust levels of binding and functional antibody responses in rats

Using modified nucleosides in vaccines, such as N1mΨ, has been shown to be immunogenic and efficacious as well as safe and well tolerated in humans, as evidenced for the two licensed COVID-19 mRNA vaccines, Spikevax® (Moderna) and Comirnaty® (Pfizer-BioNTech) (47, 48). This suggests that a wider therapeutic window (i.e., higher dose level resulting in higher immune responses and efficacy, associated with acceptable reactogenicity) can be achieved with modified-nucleoside mRNA as compared with unmodified-nucleoside mRNA vaccines (47–53).

Therefore, the in vitro immunostimulatory activity and in vivo immunogenicity of the lead candidate antigen design FimHDG-Ferritin were evaluated comparing unmodified or N1mΨ nucleoside containing mRNA vaccines. hPBMCs stimulated with the FimHDG-Ferritin mRNA vaccine containing unmodified nucleosides showed detectable levels of IFN-α. In contrast, the FimHDG-Ferritin mRNA vaccine containing N1mΨ did not induce detectable levels of IFN-α (Supplementary Figure S3).

In the second study with Wistar rats, similar FimHL-specific serum IgG levels were induced by the FimHDG-Ferritin mRNA vaccines containing unmodified and N1mΨ-modified nucleosides upon IM injection, while the tested dosages of AS01-adjuvanted FimHDG protein subunit vaccine used as a comparator induced significantly lower binding antibody responses (Figure 4A). Among the tested mRNA vaccine candidates, FimHDG-Ferritin with N1mΨ induced significantly higher IgG levels in the urine after three administrations (Figure 4B) and the highest functional antibody titers in serum (Figure 4C).
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Figure 4 | An mRNA vaccine using N1mΨ-modified nucleosides encoding FimHDG-Ferritin induced robust levels of binding and functional antibody responses in rats. Female Wistar rats (second rat study; n=8/group) were vaccinated IM three times on Day 0, Day 21, and Day 35 with different doses of AS01-adjuvanted FimHDG protein subunit vaccine (pink bars), FimHDG-Ferritin mRNA vaccine containing unmodified nucleosides (orange bars), or FimHDG-Ferritin mRNA vaccine containing N1mΨ-modified nucleosides (blue bars) as indicated. Rats receiving physiological saline (0.9% NaCl; grey bars) served as negative controls. FimHL-specific binding antibody endpoint titers in serum (A) or urine (B), determined by ELISA, as well as functional serum antibody titers measured by BAI assay (C) in samples collected after two (Day 35) or three (Day 49) vaccinations are displayed. In (A) and (B), diamond symbols represent individual animals, and bars depict geometric means with geometric SD. Each bar depicted in (C) represents one functional antibody titer per group, determined based on pooled serum samples derived from all animals in the respective group. Dotted lines indicate the lower limit of quantification (LLOQ). Values below the LLOQ were set 3.5 (non-responders in BAI assay; C). Individual days were statistically analyzed using an ANOVA followed by the LSD post test. P values are displayed and significant differences between vaccines across the doses tested are marked by asterisks (*P < 0.05, **P < 0.01, ***P < 0.001; ns, not significant).





4 Discussion

Data from these proof-of-concept immunization studies in mice and rats using FimHDG mRNA vaccine candidates with unmodified nucleosides demonstrated the induction of significant levels of FimH-specific immune responses in both species. Multimeric presentation of vaccine-candidate antigens has been shown to enhance uptake and delivery by antigen-presenting cells, driving B-cell activation through receptor cross-linking to establish a protective humoral response (30, 54, 55). Consistently, we found that the FimHDG-Ferritin mRNA-based candidate vaccine was more immunogenic compared to the FimHDG vaccine, indicating that the multimeric presentation of the FimH antigen on a PNP surface enhanced the immunogenicity compared to a monomeric antigen design. The improved immunogenicity of FimHDG when fused to ferritin may also be derived from the intrinsic stability of ferritin nanoparticles, adding to the growing literature demonstrating the utility and versatility of ferritin-based vaccines (56).

Different vaccine platforms have been harnessed in the development of a vaccine against rUTI. In a Phase 1/2 study, a bioconjugate vaccine including the four most relevant O-antigens expressed in E. coli as glycoproteins induced carbohydrate-specific opsonophagocytic antibodies but failed to reduce the frequency of UTI due to the serotypes expressing the targeted O-antigens (57). In non-human primates, a vaccine that combines FimH and O-antigens reduced bacterial load of UTI (58). Hence, there is a need for a vaccine that induces robust transudation of anti-adhesive antibodies into the human bladder. Transudation of antibodies to the urogenital tract has been demonstrated following administration of the human papillomavirus (HPV) vaccine (59) and antibody presence in urine (60).

Whilst we observed a strong IgG response in serum following administration of FimH and FimHDG-Ferritin vaccine candidates, urine IgG levels were relatively low in these animals, possibly due to the absence of bacterial infection. This could be linked to a hypothesized mode of action for a FimH-based vaccine, whereby serum-derived IgG could provide protection against UPEC in the urinary tract upon increased blood vessel permeability due to the inflammation induced by the bacterial infection. Since a relatively low number of UPEC bacteria initiate a UTI (61), asymptomatic inflammation and increased blood vessel permeability may allow serum-derived anti-FimH IgG antibodies to transudate into the bladder and block further binding of UPEC to uroepithelial cells, whilst unbound bacteria are eliminated through urinary flow. If this hypothesis is correct, FimH-specific functional antibodies in serum could act as a correlate of protection.

In addition to a strong humoral response, our FimHDG-Ferritin mRNA vaccine induced splenic T cell responses that were significantly higher than those observed with the protein subunit vaccine control at the tested dosages. The ability of mRNA vaccines to elicit more robust CD8+ T cell responses compared with protein subunit vaccines has been described previously (62–64). Since T cell responses are an important feature of natural immunity and susceptibility to UPEC infection (65), a strong, specific T cell response may enhance vaccine efficacy. Data presented here demonstrate the induction of multifunctional TNF/IFN-γ-positive CD4+ and CD8+ T cells upon administration of mRNA vaccines. These cells are indicative of a T helper type 1 (Th1) response which is crucial for bacteria clearance in the bladder (65). The mRNA vaccine technology used in this study has been previously shown to induce enrichment of lung-resident memory CD8+ T cells in mice (66). Mucosal memory T cells, which reside within peripheral tissues, are able to protect against recurrent UPEC infections in mice depleted of systemic T cells (67). In addition, tissue-resident memory T cells (TRM) cells can rapidly respond to an infection without needing to migrate, proliferate or differentiate, and can contribute to improved vaccine efficacy (68, 69). Indeed, previous studies have shown that vaccines designed to generate pathogen-specific TRM populations in mucosal tissues could provide long-lasting protection and reduce recurrence at mucosal surfaces (69, 70). Future research could explore the most effective strategies for inducing robust T cell responses that are most effective in driving bacterial clearance in the bladder, such as through mucosal vaccination.

Nucleoside modification of mRNA (such as addition of pseudouridine) suppresses the immunostimulatory effect of RNA (71, 72) and increases its translation in therapeutic applications (72, 73). In the current study, nucleoside modification (N1mΨ) in the FimHDG-Ferritin candidate vaccine improved binding and functional antibody responses in female rats and also led to reduced induction of IFN-α in hPBMCs, with the potential to translate to a wider range of tolerable vaccine doses in humans. Overall, the data generated in these experiments demonstrate that FimHDG-Ferritin mRNA-based candidate containing modified nucleosides is a promising UPEC vaccine for further development. Key to this development is the assessment of protective efficacy following FimHDG-Ferritin mRNA vaccine administration in an in vivo model of UTI, which will be evaluated in future studies.

The studies reported here do have some limitations. Whilst we employed protein subunit vaccines as a control, direct comparison of doses between mRNA and protein vaccines are difficult since the systems employed prevent direct determination of protein levels expressed from mRNA in vivo. Given the high prevalence of rUTI in women, studies were performed with female animals only; however, future studies with male rodents would be beneficial. In addition, statistical analyses were not performed for all experiments due to pooling of collected samples, which limits assessment of functional antibody differences between groups. As such, future studies will be designed without pooling samples. Nonetheless, the methods reported here have demonstrated good reproducibility, with comparable titers of functional antibodies and serum and urine IgG seen across all three animal studies with the unmodified FimHDG-Ferritin mRNA vaccine.




5 Conclusion

With the success of mRNA vaccines against viral infections, the development of mRNA vaccines against bacterial pathogens is still in the early stages, with only three vaccine candidates in clinical trials (74). Our mRNA-based vaccine FimHDG-Ferritin with N1mΨ-modified nucleosides is a promising candidate for further development as a vaccine against UPEC, a leading cause of rUTI. As there is already significant clinical data on the safety profile of mRNA vaccines, and a well-established route for regulatory approval (36, 75), future research will focus on further characterization of the FimHDG-Ferritin vaccine, particularly in terms of the protective efficacy in animal models, with the aim of progressing into clinical development.
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