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Abstract 21 

Recently, messenger RNA (mRNA)-based vaccine technology has made significant advances 22 

in preventing pathogenic microbial infections. The composition and physicochemical 23 

properties of lipid nanoparticle (LNP) determine the delivery efficiency of mRNA vaccines. In 24 

this study, we synthesized a novel ionizable lipid, C14-192, featuring a 3-oxo-polyamine 25 

headgroup, which was used as a component for LNP to encapsulate and deliver mRNA. 26 

Analysis of in vitro and in vivo expression showed that C14-192 LNP-encapsulated luciferase 27 

mRNA exhibited high expression efficiency. To further assess the potential of the C14-192 LNP 28 

formulation for vaccine applications, we developed a prophylactic mRNA vaccine against 29 

Streptococcus pneumoniae (S. pneumoniae), based on the conserved and truncated 30 

pneumococcal histidine triad protein D (PhtD) and pneumolysin (Ply). The mRNA encoding 31 

the fusion construct, exhibited the highest expression and secretion levels. In murine model, 32 

mRNA vaccine effectively prevented S. pneumoniae infection and colonization in the lungs, 33 

and prevented severe lesions. Moreover, the vaccine demonstrated robust cross-protection 34 

against multiple serotypes of S. pneumoniae and provide effective protection against lethal 35 

infection. In conclusion, a novel ionizable lipid was successfully synthesized and applied in the 36 

development of a new prophylactic vaccine against S. pneumoniae. 37 

 38 

 39 

 40 

 41 

 42 
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Introduction 43 

Messenger RNA (mRNA) vaccines have achieved remarkable progress in both therapeutic and 44 

clinical researches, demonstrating potential for the prevention of viral and bacterial infections, 45 

cancer immunotherapy, or other diseases.1-3 The emergence of lipid nanoparticle (LNP)-46 

encapsulated mRNA has fundamentally transformed vaccine development by offering high 47 

immunogenicity, rapid manufacturing, and a well-characterized safety profile that is generally 48 

favorable compared to viral vectors and traditional adjuvant-based vaccines.4 This improved 49 

safety profile refers specifically to the absence of insertional mutagenesis risk, better control of 50 

dose and expression, and a lower incidence of vector-related adverse events as documented in 51 

previous clinical trials.5 52 

LNP functions as delivery vehicles for nucleic acids. They are typically composed of ionizable 53 

lipids, helper phospholipids, cholesterol, and polyethylene glycol (PEG), which together 54 

determine the particle’s encapsulation efficiency, biodistribution, and immunostimulatory 55 

properties.5,6 Among these, ionizable lipids and auxiliary phospholipids primarily form the 56 

nanoparticle core, achieving stable encapsulation and efficient endosomal escape.6,7 After 57 

administration, LNPs are taken up by cells via endocytosis and release their mRNA cargo into 58 

the cytoplasm for antigen expression. Compared to viral vectors or polymer-based 59 

nanoparticles, LNPs offer advantages of lower genotoxicity risk, flexible manufacturing, and 60 

reproducible batch quality.5 61 

However, conventional LNP systems can have limitations, including a tendency for hepatic 62 

accumulation, suboptimal delivery efficiency to target tissues, and unwanted inflammatory 63 

responses.5,8 Previous studies have shown that changing the lipid composition or making 64 
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specific structural modifications on lipid can markedly alter the physicochemical characteristics, 65 

organ distribution, and immunogenicity of LNPs.9,10 Recent advances in the design of ionizable 66 

lipids—for example, using refined structures like (4S)-KEL—have demonstrated enhanced 67 

mRNA encapsulation, organ-selective delivery, and a more favorable balance between efficacy 68 

and inflammatory response compared to first-generation lipids such as SM-102.11,12 This 69 

comparison emphasizes that improvements in delivery efficiency or safety must always be 70 

benchmarked against clinically validated LNPs, such as ALC-0315 and SM-102, which are 71 

widely used in authorized mRNA vaccines. Additionally, a new class of ionizable cationic lipids, 72 

1- and 2-oxo-polyamine lipids, has been explored for LNP formulation.13 These lipids can be 73 

synthesized without extra solvents or protecting-group steps, simplifying manufacturing within 74 

a few days. Studies indicate that adding oxygen atoms to the polyamine head groups may 75 

enhance LNP chemical stability and reduce potential cytotoxicity.14 Nonetheless, whether 76 

introducing a higher degree of oxygenation in the oxo-polyamine head can further improve 77 

biocompatibility and expression efficiency remains to be systematically studied. 78 

In recent years, mRNA vaccines have attracted growing interest for bacterial infection 79 

prevention and treatment.15 As with viral mRNA vaccines, the immunization efficacy depends 80 

not only on the selected antigen but also critically on the delivery efficiency determined by the 81 

LNP carrier.16 The translation of mRNA-LNP vaccines against multidrug-resistant (MDR) 82 

pathogens faces specific challenges, including insufficient delivery performance, inflammatory 83 

reactogenicity associated with conventional LNP formulations, and limited antigen breadth.17,18 84 

These challenges underscore the need to optimize both the LNP composition and the choice of 85 

conserved antigens with strong cross-reactivity. 86 

Jo
urn

al 
Pre-

pro
of



5 

 

MDR bacterial infections, such as those caused by Streptococcus pneumoniae (S. pneumoniae), 87 

present significant global health concerns due to high antigenic diversity and rising antibiotic 88 

resistance. Conventional protein-based vaccines often fail to provide cross-protection across 89 

serotypes, necessitating the development of novel antigen selection strategies.19 The existing 90 

pneumococcal vaccines, including the pneumococcal polysaccharide vaccine (PPV) and 91 

pneumococcal conjugate vaccine (PCV) vaccines, are only moderately effective against 92 

specific serotypes, and they can be costly and vulnerable to serotype replacement.19,20 93 

Conserved pneumococcal virulence factors, such as pneumococcal histidine triad protein D 94 

(PhtD) and pneumolysin (Ply), have emerged as antigen candidates due to their critical roles in 95 

bacterial pathogenesis and high sequence conservation across diverse strains.21-23 Integrating 96 

these conserved proteins into a mRNA-LNP vaccine could elicit synergistic protective 97 

responses, combining neutralizing antibodies with Th1-biased cellular immunity to counter 98 

heterologous pneumococcal infections.22,23 Evidence from multivalent mRNA-LNP vaccines 99 

for viral infections supports the feasibility of such approaches for bacterial targets as well.18,24 100 

In this study, we developed a novel ionizable lipid containing a 3-oxo-polyamine head group 101 

with multiple hydroxyl groups, designated as C14-192, which was designed to enhance mRNA 102 

expression efficiency and reduce potential cytotoxicity. Using C14-192 LNP, we formulated an 103 

optimized LNP to deliver an mRNA encoding a fusion antigen composed of the conserved N-104 

terminal region of PhtD and C-terminal region of Ply. The fusion mRNA construct 105 

demonstrated higher secretion levels in vitro. In mouse model of S. pneumoniae infection, the 106 

novel mRNA vaccine significantly reduced bacterial burden in the lungs, alleviated lung 107 

inflammation and tissue injury, and provided cross-protection against multiple serotypes, 108 
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including lethal challenge. These findings highlight the potential of combining structure-109 

optimized ionizable lipids with conserved antigen design to advance mRNA vaccine 110 

development against MDR bacterial pathogens. 111 

Results 112 

Synthesis of a novel epoxide-derived cationic lipid and evaluation for delivery 113 

Recent studies have focused on improving the delivery and expression efficiency of mRNA 114 

through the optimization of ionizable lipids in LNP. Previously, a library of lipid-like 115 

compounds was synthesized via epoxide chemistry to identify materials capable of targeting 116 

and expressing in vivo for gene silencing.13 Similarly, we successfully synthesized a novel 117 

cationic lipid, C14-192, through the ring-opening of epoxides with amine substrates (Figure 118 

1a). This compound contains abundant hydroxyl groups, which may enhance its 119 

biocompatibility and delivery efficiency. The structure of C14-192 was further characterized 120 

using proton nuclear magnetic resonance (1H NMR) spectroscopy and liquid chromatography-121 

mass spectrometry (LC-MS) (Figure S1 and S2), with the purity of the synthesized lipid 122 

determined to be approximately 98% through high-performance liquid chromatography (HPLC) 123 

analysis (Figure S3). To test the lipid’s potential for mRNA delivery, luciferase mRNA was 124 

prepared for encapsulation into LNP using a microfluidic process involving four lipid 125 

components (Figure 1b and c). We then compared the in vivo delivery efficiency of four 126 

different LNP formulations, each with varying lipid components and molar ratios (Figure S4a). 127 

By systematically altering the ionizable lipid, molar ratio, and cholesterol content, we identified 128 

the C14-192 LNP formulation, comprising C14-192, 1,2-distearoyl-sn-glycero-3-129 
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phosphocholine (DSPC), β-Sitosterol, and 1,2-dimyristoyl-rac-glycerol-3-130 

methoxypolyethylene glycol 2000 (DMG-PEG 2000) in a molar ratio of 45:8:45.5:2, as the 131 

most effective for further vaccine development. This formulation exhibited the highest in vivo 132 

mRNA expression levels (Figure S4b). 133 

We next performed physicochemical characterization of the selected C14-192 LNP and 134 

compared it to SM102 LNP, a widely used formulation. The diameter distribution and 135 

polydispersity index (PDI) values indicated that while the uniformity of the C14-192 LNP was 136 

somewhat lower than that of the SM102 LNP (Figure 1d and e), both formulations 137 

demonstrated encapsulation efficiencies of 90% or higher. The C14-192 LNP also exhibited a 138 

lower positive charge compared to the SM102 LNPs (Figure 1e). Transmission electron 139 

microscopy (TEM) imaging confirmed that the mRNA-LNP complexes were intact and 140 

uniform (Figure 1f). In vitro transfection assays revealed that C14-192 LNP-encapsulated 141 

luciferase mRNA resulted in higher expression levels than SM102 LNP (Figure 1g). This 142 

enhanced expression was further confirmed in in vivo delivery experiments (Figure 1h). In 143 

conclusion, we successfully synthesized a novel ionizable lipid, C14-192, featuring a 3-oxo-144 

polyamine headgroup via a one-step synthesis method. This lipid demonstrated optimal 145 

physicochemical properties and significantly enhanced mRNA expression efficiency, showing 146 

great potential for use in the development of mRNA vaccines. 147 

Develop of a novel mRNA vaccine against S. pneumoniae based on C14-192 LNP 148 

To further evaluate the potential of C14-192 LNP for mRNA vaccine development, we used a 149 

mouse model of S. pneumoniae infection. Previous studies have shown that the Ply and PhtD 150 

proteins expressed by S. pneumoniae induce robust immune responses. Ply, as a virulence factor, 151 
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triggers apoptosis and suppresses immune responses in host cells, while PhtD plays a role in 152 

pathogen adhesion and immune evasion.25,26 Notably, both proteins exhibit high sequence 153 

conservation across various serotypes, highlighting their potential as broad-spectrum vaccine 154 

candidates. However, due to the toxicity of Ply and the large molecular size of PhtD, neither 155 

protein is suitable for full-length expression in a vaccine preparation. 156 

In this study, we developed an mRNA vaccine by combining truncated versions of Ply and PhtD, 157 

incorporating conserved epitopes (Figure 2a). The C-terminal domain of Ply and the N-158 

terminal domain of PhtD, along with a fusion protein of these two fragments, were selected for 159 

the mRNA constructs. As shown in Figure 2b, the truncated polypeptides maintained a 160 

complete three-dimensional structure after fusion, with minimal structural changes predicted in 161 

the model. The mRNA vaccines against S. pneumoniae were developed based two truncated 162 

peptide sequences and fusion of them (Figure 2c). The expression and secretion levels of the 163 

antigens were significantly influenced by the mRNA construct design. It has been shown that 164 

the Fc fragment of the human immunoglobulin gamma 1 heavy chain (IGHG1) and the 165 

STABILON (Stab) sequence can improve antigen trafficking and stability.27,28 Therefore, these 166 

two elements were incorporated into the mRNA constructs. As a result, three different mRNA 167 

constructs were prepared: Vaccine A (VA), Vaccine B (VB), and Vaccine C (VC) (Figure 2c). 168 

After preparation, the integrity of the mRNA was analyzed, and the purity of all constructs 169 

exceeded 90% (Figure 2d). In vitro expression confirmed that all antigens were successfully 170 

expressed both in cells and in the supernatant (Figure 2e). Notably, the secretion levels of the 171 

fused antigen in VC were significantly higher than the intracellular expression levels, when 172 

compared to VA and VB. Given that antigen secretion plays a crucial role in activating the 173 
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humoral immune response against pathogen infection, VC was selected for further evaluation 174 

in animal experiments as a vaccine candidate against S. pneumoniae. 175 

Prophylactic effect of novel mRNA vaccine against S. pneumoniae 176 

We next evaluated the prophylactic effect of the novel mRNA vaccine in a mouse model 177 

intranasally infected with S. pneumoniae serotype 2. The experimental design for vaccination 178 

and bacterial infection is outlined in Figure 3a. Following prime-boost vaccinations, serum 179 

IgG antibody titers were measured. Mice immunized with the VC vaccine exhibited a high level 180 

of IgG against the PhtD antigen, whereas the IgG titer against the Ply antigen was 181 

comparatively lower (Figure 3b). Three days post-S. pneumoniae infection, the bacterial load 182 

in the lungs of VC-vaccinated mice was significantly reduced when compared to the phosphate-183 

buffered saline (PBS)-injected control group. Bacterial colony counts revealed a remarkable 184 

450-fold reduction (Figures 3c and d). Additionally, Figure 3d shows that in 80% of the 185 

vaccinated and infected mice, the bacterial load in lung tissue was extremely low (<10 colony-186 

forming unit [CFU]/mg). Histopathological analysis of lung tissue further confirmed the 187 

protective effect of the VC vaccine. In PBS-treated mice, substantial infiltration of 188 

inflammatory cells in the alveoli was observed, along with localized hemorrhagic foci, 189 

significant thickening of the alveolar walls, and marked alveolar shrinkage (Figure 3e). In 190 

contrast, these pathological changes were significantly reduced in VC-vaccinated mice, where 191 

inflammation and damage to the alveolar structure were minimal. 192 

Finally, the levels of inflammatory cytokines, including TNF-α and IL-1β, were significantly 193 

lower in the serum and bronchoalveolar lavage fluid (BALF) of VC-vaccinated mice (Figure 194 

3f). These findings were consistent with the observed lung pathology. Collectively, these results 195 
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suggest that the novel mRNA vaccine based on C14-192 LNP effectively prevents S. 196 

pneumoniae infection in mice and alleviates lung tissue damage. 197 

Cross-protective effect of novel mRNA vaccine against different serotypes of S. 198 

pneumoniae 199 

To assess whether the novel mRNA vaccine, developed using the C14-192 LNP formulation 200 

and conserved antigens, provides cross-protection against S. pneumoniae of different serotypes, 201 

we conducted in vivo challenge experiments using serotypes 5, 3, and 19A (Figure 4a). Lung 202 

bacterial burden assays following infection showed that the VC vaccine significantly inhibited 203 

infection and bacterial colonization in the lungs for all three S. pneumoniae serotypes (Figure 204 

4b and c). Likewise, lung pathology analysis indicated that the vaccine effectively mitigated 205 

tissue damage caused by acute bacterial infection, offering protection to the lung tissue from 206 

significant damage (Figure 4d). 207 

Prophylactic effect of mRNA vaccine against lethal S. pneumoniae infection 208 

To further evaluate the prophylactic efficacy of the vaccine under conditions of severe infection, 209 

we established a lethal S. pneumoniae infection model. The immunization protocol was 210 

modified to include three vaccinations spaced two weeks apart (Figure 5a). In the case of lethal 211 

infection with serotype 2 S. pneumoniae, 80% of the unvaccinated mice succumbed by the end 212 

of the experiment, whereas no vaccinated mice died (Figure 5b). Similarly, in the lethal 213 

serotype 3 S. pneumoniae infection model, all unvaccinated mice died by day 5, while only one 214 

vaccinated mouse succumbed. These findings demonstrate that the vaccine provides significant 215 

protection against lethal S. pneumoniae infections in two different serotypes.  216 

Furthermore, we assessed the pulmonary bacterial burden and pathology in representative 217 
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survivors from the vaccinated groups. By the end of the experiment, two-thirds of the 218 

immunized and infected mice exhibited significantly lower bacterial loads in their lungs 219 

compared to the unvaccinated mice (Figure S5). Although lung pathology remained elevated 220 

in all treated groups, the single surviving unvaccinated mouse showed the most severe 221 

inflammation and tissue damage (Figure 5c). These results from the lethal infection challenge 222 

demonstrate that the vaccine not only inhibits bacterial colonization but also reduces the extent 223 

of severe pulmonary lesions, ultimately improving survival outcomes in the infected mice. 224 

Discussion 225 

The delivery efficiency and safety of mRNA vaccines are critically dependent on the choice of 226 

LNP, with ionizable lipids serving as the key components for mRNA encapsulation, endosomal 227 

escape, and cellular transfection.7,8,29 Previous studies have shown that optimizing ionizable 228 

lipids can significantly influence the expression and immunogenicity of mRNA vaccines by 229 

adjusting factors such as charge, headgroup structure, and chemical composition.9,30 Notably, 230 

the incorporation of oxygen atoms into ionizable lipids has been demonstrated to improve the 231 

stability of LNP and reduce their toxicity.13 In this study, we introduced a novel ionizable lipid, 232 

C14-192, a 3-oxo-polyamine compound, which exhibited superior antigen expression both in 233 

vitro and in vivo. The composition of the lipid components, including ionizable lipids, 234 

cholesterol, and their molar ratios, can influence the physicochemical properties of LNP, which 235 

in turn affect their delivery efficiency. Interestingly, while the size distribution of C14-192 LNP 236 

was broader compared to SM102 LNP, this observation suggests that the uniformity and 237 

stability of C14-192 LNPs could be further improved. Enhancing these properties may 238 
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ultimately lead to better delivery and expression outcomes. 239 

Recent advancements in LNP formulation have focused on optimizing ionizable lipid structures 240 

to improve specificity, efficacy, and biocompatibility.11,31,32 Numerous studies have identified 241 

and tested novel ionizable lipids for applications in infectious diseases, cancer, and genetic 242 

disorders. For instance, CL15H6 LNPs, which were selected from a diverse library of ionizable 243 

lipids, demonstrated a high capacity for targeting splenic antigen-presenting cells.33 These 244 

LNPs exhibited a significant reduction in tumor growth when used for delivering antigen-245 

encoding mRNA. Additionally, A3B7C2 showed an 18.3-fold increase in mRNA transfection 246 

in dendritic cells compared to SM102, a critical feature for vaccines aimed at inducing robust 247 

humoral immunity.34 For pulmonary delivery, IR-117-17 LNP achieved a 300-fold higher 248 

mRNA expression in the lungs compared to conventional LNPs, highlighting its potential for 249 

inhaled vaccines targeting respiratory viruses.35 In our study, C14-192 LNP, when used in the 250 

development of an mRNA vaccine against S. pneumoniae, demonstrated cross-protection 251 

against multiple serotypes in mice by encapsulating conserved antigens PhtD and Ply. This 252 

finding underscores the potential application of C14-192 and similar ionizable lipids in the 253 

development of mRNA vaccines for various pathogens. Notably, SM102 LNP was used as a 254 

control during characterization and expression experiments in this study. We compared delivery 255 

and expression efficiencies by altering the ionizable lipid, molar ratio, and cholesterol content. 256 

The final C14-192 LNP formulation, which exhibited the highest expression efficiency, was 257 

selected for the development of an mRNA vaccine to prevent bacterial infections. 258 

MDR bacterial pathogens, such as S. pneumoniae, pose a significant clinical challenge due to 259 

their extensive serotype diversity and increasing antibiotic resistance, particularly among MDR 260 
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strains.36 Traditional polysaccharide-based vaccines, such as PPSV23 and PCV13, are limited 261 

by serotype-specific immunity, leaving populations vulnerable to non-vaccine serotypes.36 This 262 

phenomenon of serotype replacement highlights the urgent need for next-generation vaccines 263 

capable of providing broad-spectrum protection.37 mRNA-LNP vaccines offer a unique 264 

advantage in this regard, enabling the rapid development of vaccines targeting multiple 265 

conserved antigens and enhancing antigen expression efficiency, thereby overcoming the 266 

limitations of serotype-specific immunity.38 In this study, the dual-antigen mRNA vaccine 267 

targeting the conserved PhtD and Ply antigens exemplifies this approach. The vaccine 268 

significantly reduced bacterial colonization in the lungs and attenuated hyperinflammatory lung 269 

pathology, suggesting its potential for combating MDR pathogens. 270 

An important consideration in the development of bacterial vaccines is the potential for post-271 

translational modifications of the antigen expressed from the delivered mRNA in host cells. 272 

Unlike viral proteins, many bacterial proteins—such as PhtD and Ply—are not naturally 273 

glycosylated in their native bacterial context. However, when expressed in mammalian cells, 274 

the host cell may inadvertently add glycosylation modifications to recombinant bacterial 275 

proteins. These modifications can alter the structure of epitopes, reduce immunogenicity, or 276 

even mask critical antigenic sites.39 Based on glycosylation prediction and amino acid sequence 277 

analysis, we found that the fusion construct does not contain canonical eukaryotic glycosylation 278 

motifs (N-X-S/T), which typically signal glycosylation sites. As a result, we did not introduce 279 

additional mutations to the construct. In vitro expression analysis confirmed the absence of 280 

glycosylation, which was evident from the appearance of two distinct protein bands. 281 

Additionally, previous studies have demonstrated that the Fc domain of IGHG1 and the 282 
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STABILON sequence enhance antigen trafficking and stability. In our study, we incorporated 283 

these two elements directly into the mRNA constructs. WB analysis showed successful in vitro 284 

expression, particularly for the fusion antigen, which exhibited a higher secretion ratio 285 

compared to the single antigens. However, we observed multiple bands in the WB results, 286 

particularly for the N-terminal of PhtD in the supernatant. We speculate that this may be due to 287 

antibodies binding to degraded or aggregated protein molecules within the prepared samples. 288 

Notably, although the PhtD-specific antibody titer was high following vaccination, the antibody 289 

response against Ply was relatively lower. We believe this difference in antibody responses may 290 

result from competition for immunodominant epitopes between the two antigens or from 291 

differences in antigen processing and presentation. Interestingly, the protective effect of the VC 292 

vaccine was not compromised by the relatively weaker antibody response to Ply. Antibodies 293 

against PhtD can directly block bacterial adhesion to or invasion of epithelial cells, playing a 294 

significant role in providing early-stage protection against infection. In contrast, the antibody 295 

response to Ply has a weaker direct impact on preventing bacterial colonization or adhesion 296 

during the early stages of infection. However, it may help mitigate the toxicity at later stages 297 

by neutralizing Ply’s hemolytic activity against host cells.40 Therefore, we conclude that the 298 

primary protective response of the fusion antigen is largely driven by PhtD, which functions 299 

mainly as a surface adhesion-related protein exposed on the bacterial surface. 300 

While this study represents a significant advancement, several limitations should be 301 

acknowledged. First, although C14-192 LNP demonstrates promising delivery efficiency, only 302 

one novel lipid was evaluated in the current study. Expanding the lipid library and conducting 303 

a comparative evaluation of multiple candidates under identical conditions would offer a more 304 
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comprehensive understanding of performance variability. Second, while antigen expression and 305 

prophylactic efficacy were demonstrated, a more detailed analysis of the immune correlates of 306 

protection—such as antibody isotype profiles and T cell subset responses—is needed to better 307 

define the underlying mechanisms driving protection. Third, long-term safety and stability 308 

studies of the C14-192 LNP vaccine formulation in animal models, and eventually in non-309 

human primates, are essential for advancing to clinical trials. Further optimization, in-depth 310 

immunological profiling, and clinical validation could establish C14-192-based mRNA 311 

vaccines as a powerful tool for combating other resistant bacterial infections. Finally, including 312 

an appropriate positive control, such as other pneumococcal vaccines or mRNA vaccines 313 

encapsulated by SM102 LNP, would be a reasonable next step. 314 

In conclusion, this study developed a novel ionizable lipid as a highly effective component of 315 

LNP for mRNA delivery, which exhibited high antigen expression and provided protection 316 

against S. pneumoniae. The use of C14-192 combined with conserved antigens demonstrated 317 

high prophylactic efficacy across multiple S. pneumoniae serotypes. This work lays the 318 

foundation for broader applications of mRNA-LNP platforms in the fight against MDR 319 

infections and sets the stage for the development of next-generation vaccines. 320 

Materials and Methods  321 

Ionizable lipid synthesis 322 

In a 50 mL reaction vial, 10 mmol of 1,11-Diamino-3,6,9-trioxaundecane (BD196228, Bide 323 

Pharmatech, Shanghai, China), 50 mmol of 2-Dodecyloxirane (BD53455, Bide Pharmatech) 324 

and 30 mL of dichloromethane were added sequentially. The reaction was then heated and 325 

stirred for 72 hours (h) at 85 °C. After the reaction was monitored by thin-layer chromatography 326 
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(TLC), the sample was cooled down to room temperature (RT), and dichloromethane was 327 

removed by a rotary evaporator. The product was then separated on a silica gel column filled 328 

with silica (S5130, Sigma-Aldrich, USA) by TLC, with the eluent solution consisting of 329 

dichloromethane, methanol, and triethylamine in a volume ratio of 93:6:1, yielding a light-330 

yellow, oily product, which is the novel cationic lipid component employed in this study, named 331 

15,27-bis(2-hydroxytetradecyl)-18,21,24-trioxa-15,27-diazahentetracontane-13,29-diol (C14-332 

192). Then, 1H NMR spectra were recorded on Bruker DRX500 (500 MHz) NMR 333 

spectrometers. Chemical shifts (δ) are reported in parts per million (ppm) relative to the 334 

resonance of tetramethylsilane (TMS) as the internal standard (0.00 ppm). Data are presented 335 

as follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m = 336 

multiplet), and integration. Then, the synthesized cationic liposome was further analyzed by 337 

LC-MS and HPLC (LC-ELSD-MS Agilent 1260&1290&6125C, Agilent Technologies, USA). 338 

Structure prediction and alignment 339 

The sequence information of PhtD (Q8DQ08) and Ply (Q7ZAK5) were acquired from UniProt, 340 

and the structure information of PhtD (AF-Q8DQ08-F1-v4) and Ply (AF-Q7ZAK5-F1-v4) 341 

were acquired from AlphaFold Protein Structure Database. The N-terminal (AA 20-236) of 342 

PhtD and C-terminal (AA 286-471) of Ply were marked with colors in PyMOL software 343 

(Schrödinger, NY, USA), respectively. The secondary structure of fused PhtD-Ply protein was 344 

predicted using AlphaFold 3 web tool (https://alphafoldserver.com). Finally, the alignment of 345 

predictive structure of PhtD-Ply with truncated fragment was made based on PyMOL software. 346 

Plasmid construction 347 

The pUC57 vector (Genscript) for mRNA in vitro transcription (IVT) was used for plasmid 348 
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construction, and the T7 promoter element was introduced to enable efficient in vitro mRNA 349 

IVT. The vector also contained 5'-UTR, 3'-UTR and poly(A) tail of approximately 110 350 

nucleotides to enhance mRNA stability and translation efficiency. Three constructs were 351 

designed, which including coding sequences (CDS) of C-terminal of Ply (VA), N-terminal of 352 

PhtD (VB) and fused PhtD- Ply protein with interval sequence (GGSGGGGSGG) in the middle 353 

(VC). The N-terminal also contains the signal peptide (SP) and the Fc domain of IGHG1, 354 

followed by GGS linker (GGSGGSGGSG) and antigen. The STABILON and 6×His-tag was 355 

co-expressed in C-terminal of antigen linked with 3×GS. The fragments were then cloned into 356 

the pUC57 vector, with a seamless cloning strategy being employed. The firefly luciferase CDS 357 

was cloned into a general pUC57 vector containing a T7 promoter, a 5' UTR, a 3' UTR, and a 358 

poly(A) tail. 359 

mRNA synthesis 360 

The template plasmid was digested to obtain a linearized plasmid for mRNA IVT, which were 361 

made with linearized plasmids using the MEGAscript® T7 Transcription Kit through a 362 

modified protocol. Concurrently, mRNA was capped at the 5' terminus using the trinucleotide 363 

cap1 analog CleanCap (N-7413, TriLink). Following an incubation for 6 h and DNA template 364 

degradation, the IVT products were purified through lithium chloride. The mRNA 365 

concentration and purity were detected via NanoDrop (Thermo Fisher Scientific, Waltham, MA, 366 

USA). The average overall yield of mRNA IVT was 6 to 8 μg/μL in final products. The integrity 367 

of mRNA was detected using capillary electrophoresis, the capping and tailing efficiencies were 368 

detected via LC-MS. The cap and tailing efficiencies averagely were 89 to 95% and 85 to 90%, 369 

respectively. The final product was stored at 4 °C for rapid use. 370 
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mRNA-LNP preparation 371 

The mRNA was encapsulated with LNP through microfluidics. For SM102 formulation, SM-372 

102, DSPC, cholesterol, and DMG-PEG 2000 were dissolved in ethanol at a molar ratio of 373 

50:10:38.5:1.5. In addition, C14-192, DSPC, cholesterol and DMG-PEG2000 were dissolved 374 

in ethanol at a with molar ratio of 50:10:38.5:1.5 or 45:8:45.5:2, which was used to compare 375 

different C14-192 LNP formulations. For final cationic lipid formulation, C14-192, DSPC, β-376 

Sitosterol and DMG-PEG2000 were dissolved in ethanol at a molar ratio of 45:8:45.5:2. In the 377 

meantime, the mRNA samples formulated into an aqueous phase solution at the desired final 378 

concentration in 20 mM sodium acetate buffer (pH 5.5). In microfluidic device, aqueous phase 379 

and organic phase solutions were mixed in the microfluidic chip, and the flow rate ratio of the 380 

aqueous phase to the organic phase was 95:5, and the weight ratio of the total lipids to the 381 

mRNAs was about 25:1, and the self-assembly of the positively charged lipids combined with 382 

negatively charged mRNAs was carried out. The obtained mRNA-LNP solution was adjusted 383 

to pH 7.0-7.4 with 1M Tris-HCI buffer (pH8.0), filtered through 0.22 μm filter membrane and 384 

stored at 2-8 °C. The particle size, PDI and zeta potential (ZP) of LNP were measured using 385 

dynamic light scattering (DLS). The encapsulation efficiency was determined using the Quant-386 

iT Ribogreen RNA Quantification Kit (R11490, Thermo Fisher Scientific) according to 387 

protocol. The mRNA- C14-192 LNP complex were observed via TEM in Zhenjiang Zhuanbo 388 

Testing Technology Co., Ltd. 389 

In vitro expression of mRNA 390 

For expression of firefly luciferase mRNA, HEK293T cells were seeded into 96-well plates at 391 

a density of 5×104 cells per well using MEM Basal Media (11095080, Gibco, MA, USA) 392 
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containing 10% fetal bovine serum (FBS). After overnight incubation, mRNA-LNP (containing 393 

0.33 µg mRNA) was added to the cells using Opti-MEM (31985070, Gibco). After a 24 h 394 

incubation, D-Luciferin, Sodium Salt (40901ES01, Yeasen, Shanghai, China) was introduced 395 

to the cells in accordance with protocol. The fluorescence intensity was quantified using a Flex 396 

Station 3 multi-function Enzyme Labeler (Molecular Devices). For expression of VA, VB and 397 

VC mRNA, HEK293T cells were seeded into T75 flask at a density of 4×106 cells using MEM 398 

Basal Media containing 10% FBS. Then, cells were transiently transfected with naked mRNA 399 

formulated in LNP3.41 After 48 h of transfection, Supernatants and cells were collected 400 

separately, and the latter were lysed using RIPA to obtain whole cell proteins, and western 401 

blotting (WB) was performed to detect the expression levels of antigens. 402 

Western blotting 403 

Adding loading buffer (5×) to the cell lysates or the extracts, and then incubate at 100 ℃ for 5 404 

minutes. After that, centrifuge at 12,000 rpm for 5 minutes at 4 ℃. Then, 12% SmartPAG 405 

Precast Protein Gel Plus (SLE014, Smart-Lifesciences Biotech, Changzhou, China) was used, 406 

followed by the transfer of proteins to a PVDF membrane. The PVDF membrane was blocked 407 

with 5% skimmed milk powder at RT for 1 h and then incubated overnight at 4 ℃ with an His-408 

tag rabbit polyclonal antibody (LF308, Epizyme Biotech, Shanghai, China) diluted with 409 

General Antibody Diluent (1:1000) (PS119L, Epizyme Biotech). After being washed three 410 

times with Tris-buffered saline with Tween 20 (TBST), the membrane was incubated with 411 

Horseradish Peroxidase (HRP)-conjugated goat anti-rabbit IgG (H+L) (LF102, Epizyme 412 

Biotech), diluted in General Antibody Diluent (1:5000) at RT for Then it was washed three 413 

times with TBST and analysed using Omni-ECL Enhanced Detection Reagent (SQ101L, 414 
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Epizyme Biotech) in a fully automated chemiluminescence image analysis system (Shanghai 415 

Tanon Science & Technology). 416 

Animals 417 

All mice were purchased from Charles River Laboratories, Beijing, China. The experimental 418 

protocols for animals conformed to the Guidelines for the Care and Use of Laboratory Animals 419 

published by the National Institutes of Health. The animals were raised in a room where the air 420 

was kept moist (50-60% humidity) and the light was on for 12 h and off for 12 h. They had free 421 

access to food and water. The animal experiments were conducted according to the national 422 

guidelines for the care and use of laboratory animals. 423 

In vivo expression of luciferase mRNA-LNP 424 

6-8-week-old female Balb/c mice (18-25 g) were procured and acclimated to the facility 425 

environment. Firefly luciferase mRNA-LNP was injected into the mice at a dose of 5 μg of 426 

mRNA per mice via the leg intramuscular injection, and the fluorescein substrate was injected 427 

into the peritoneal cavity of the mice 24 h later. Subsequent to 10 min, the fluorescence intensity 428 

at the injection site was captured with an animal imaging device (Lumina III, PerkinElmer, MA, 429 

USA). 430 

Vaccination and S. pneumoniae infection 431 

6-8-week-old female Balb/c mice (18-25 g) were procured and randomly divided into different 432 

groups (n=5) after acclimating to the facility environment. For the vaccination and S. 433 

pneumoniae serotype 2 (strain D39/NCTC7466) infection experiment, each mouse received a 434 

subcutaneous injection of either 5 μg of VC or 100 μL of PBS in the left groin on days 0 and 435 

21. Then, on day 28, serum samples were collected for antibody titer analysis. On day 35, the 436 
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mice were anesthetized with isoflurane and received a 40-μL solution containing 2×10⁵ CFU 437 

of S. pneumoniae intranasally. Mice were then allowed to reside in a standard environment and 438 

were examined regularly for body weight, appearance, and mental status. On day 36, serum 439 

samples were collected for cytokine analysis. On day 38, BALF was collected for cytokine 440 

analysis. Part of the lung tissue was used for flow cytometry analysis of immune cell infiltration. 441 

Additionally, some lung tissue was used for bacterial load analysis and some was fixed in 4% 442 

paraformaldehyde for hematoxylin and eosin (H&E) staining and pathological analysis. Non-443 

treated (NT) mice that were neither vaccinated nor infected were used as the blank control. 444 

In the cross-protection study of the VC, multiple serotypes of S. pneumoniae, including 445 

serotypes 5 (strain BNCC367810), 3 (strain BNCC360205), and 19A (strain BNCC360196), 446 

were used to infect mice on day 35. The mice were vaccinated with mRNA vaccines or PBS on 447 

days 0 and 21. On day 38, the mice were euthanized and their lung tissues were collected for 448 

bacterial load and pathological analyses. 449 

To determine the lethal dose of S. pneumoniae infection, the mice were vaccinated on days 0, 450 

14, and 28. Then, 40 μL of S. pneumoniae bacterial solution containing serotype 2 (6×10⁸ CFU) 451 

or serotype 3 (2×10⁸ CFU) was dropped intranasally. The mice were observed for 10 days. 452 

Percent survival analysis was performed, and pathological analysis of lung tissue from 453 

representative surviving mice was conducted at the end of the experiment. 454 

Bacterial load assay for lung tissue 455 

On day 38, the lung tissue from each group of mice was collected, cut into 10 mg pieces, and 456 

placed in sterile conditions. Then, 100 μL of sterile PBS was added. The tissue was then ground 457 

on ice until no obvious precipitation remained. Next, it was diluted 10-fold with sterile PBS. 458 
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After thoroughly mixing, 100 μL of the dilution was spread evenly on a Columbia blood agar 459 

plate. The plate was then placed in a 37 °C incubator for 48 h. After that, the bacterial clones 460 

on the plate were counted and photographed. 461 

Indirect enzyme-linked immunosorbent assay for antibody titers 462 

Serum PhtD antigen-specific IgG antibody titers were determined by indirect enzyme-linked 463 

immunosorbent assay (ELISA). The steps are as follows: The microplate was coated with PhtD 464 

antigen or Ply antigen expressed and purified from E.coli and incubated overnight at 4 ℃; after 465 

washing 3 times with PBST, 3% BSA was added to each well and blocked at RT for 2 h; after 466 

washing 3 times, 100 μL/well of serially diluted serum was added to each well, incubated at RT 467 

for 2 h with gentle shaking; after washing 3 times, 100 μL/well of HRP-labeled rabbit anti-468 

mouse IgG at a dilution of 1:5000 was added and incubated at RT for 2 h with gentle shaking; 469 

the wells were washed 3 times, 100 μL/well of 3,3’,5,5’-Tetramethylbenzidine (TMB) One 470 

Solution (36602ES60, Yeasen) was added and allowed to react at RT for 15 min in the dark; 471 

finally, 50 μL/well of 2 M H2SO4 solution was added to stop the reaction; the optical density 472 

(OD) value was measured at 450 nm using an enzyme marker (Multiskan FC, Thermo Fisher 473 

Scientific). 474 

Enzyme-linked immunosorbent assay for cytokines 475 

Serum samples were diluted 10-fold and BALF was left untreated, followed by ELISA. The 476 

assay was performed according to the instructions for the Mouse TNF-α ELISA Kit (EA100124, 477 

origene, MD, USA) and the Mouse IL-1β ELISA Kit (EA100134, origene). Prepare the gradient 478 

dilution standards, and adding 100 μL each of standards and samples to the enzyme plate and 479 

incubate at 37 °C for 90 min. Discard the samples, add 100 μL of biotinylated antibody working 480 
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solution to each well and incubate at 37°C for 60 min. Then, 100 μL of enzyme conjugate 481 

working solution was added to each well and incubated at 37 °C for 30 min. The reaction was 482 

terminated by adding 90 μL of TMB substrate solution to each well and incubated at 37 °C for 483 

15 min, protected from light, and terminated by adding 50 μL of termination solution to each 484 

well. Finally, the OD value of each well was measured at 450 nm using an enzyme marker. 485 

Statistical Analysis 486 

The differences between two groups were compared via the unpaired Student’s t-test. The 487 

differences among multiple groups were analyzed by one-way analysis of variance (ANOVA) 488 

with Dunnett’s test or, if appropriate, repeated-measures ANOVA with Bonferroni’s post hoc 489 

correction. Values of *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 were considered 490 

significant. 491 
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 659 

Figure legends 660 

Figure 1. Synthesis of a novel ionizable lipid for LNP encapsulation of mRNA and antigen 661 

expression efficiency. (a) Schematic representation of the chemical synthesis of the novel 662 
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ionizable lipid, C14-192. (b) Capillary electrophoresis analysis for the prepared luciferase 663 

mRNA. (c) Schematic of mRNA-LNP preparation using microfluidic device. (d) Particle size 664 

distribution of C14-192 and SM102 mRNA-LNPs. (e) Characterization of mRNA-LNPs 665 

containing C14-192 or SM102, including diameter, PDI, ZP and encapsulation efficiency. (f) 666 

TEM image of the C14-192 LNP-mRNA complex. (g) Relative light unit (RLU) representing 667 

the fluorescence intensity after transfection of luciferase mRNA to HEK293T for 24 h. (h) 668 

Image of the fluorescence intensity for mice injected with different luciferase mRNA-LNP for 669 

24 h. Representative results (n=3) are presented as means ± standard deviation (SD). 670 

 671 

Figure 2. Development of mRNA vaccines against S. pneumoniae based on the conserved PhtD 672 

and Ply antigens. (a) Schematic representation of the secondary structure of Ply and PhtD, with 673 

the C-terminal of Ply and the N-terminal of PhtD highlighted in orange and pink, respectively. 674 

(b) Structure prediction of the PhtD-Ply fusion protein using AlphaFold3 and alignment with 675 

the corresponding truncated fragments. (c) Schematic representation of plasmid construction 676 

for vaccines VA, VB, and VC. (d) Capillary electrophoresis analysis for the indicated mRNA. 677 

(e) WB analysis of expressed antigens in cells and supernatants following transfection with the 678 

indicated mRNA. 679 

 680 

Figure 3. Prophylactic effect of PhtD-Ply mRNA vaccine (VC) in mice infected with S. 681 

pneumoniae. (a) Schematic of the experimental procedure for prophylactic mRNA vaccine and 682 

subsequent S. pneumoniae serotype 2 infection in mice. (b) Analysis of serum IgG antibody 683 

titers against PhtD or Ply antigen 28 days post-vaccination. (c and d) Bacterial load assay for 684 
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lung tissue of mice on day 38, showing (c) the representative captures and (d) the average 685 

number of bacterial clones in Columbia blood agar plate. (e) Pathological analysis of lung 686 

tissues from experimental mice using H&E staining. (f) Cytokine analysis for serum samples 687 

on day 36 and bronchoalveolar lavage fluid (BALF) samples on day 38, including TNF-α and 688 

IL-1β. Representative results (n=5) are shown as means ± SD. 689 

 690 

Figure 4. Prophylactic effect of mRNA vaccine (VC) against different serotypes of S. 691 

pneumonia. (a) Schematic of the experimental procedure for prophylactic mRNA vaccine and 692 

infection with different serotypes of S. pneumoniae in mice. (b and c) Bacterial load assay for 693 

lung tissue from mice on day 38, showing (b) the representative captures and (c) the average 694 

number of bacterial clones in Columbia blood agar plates. (d) Pathological analysis of lung 695 

tissues at the end of the experiment using H&E staining. Representative results (n=5) are shown 696 

as means ± SD. 697 

 698 

Figure 5. Prophylactic effect of mRNA vaccines (VC) against lethal S. pneumoniae infection. 699 

(a) Schematic of the experimental procedure for immunization with mRNA vaccine followed 700 

by infection with a lethal dose of S. pneumoniae serotype 2 or serotype 3 in mice. (b) Survival 701 

analysis of vaccinated mice on 10 days post-infection. (c) Pathological analysis of lung tissue 702 

from representative surviving mice at the end of the experiment using H&E staining. 703 
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Shi Xu and colleagues report a novel ionizable lipid-based LNP system that exhibits 

high mRNA delivery efficiency and develop a phylactic mRNA vaccine providing 

cross-protection against multiple serotypes of Streptococcus pneumoniae. This work 

advances the development of mRNA vaccine for combating bacterial infections. 
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