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ABSTRACT: Messenger RNA (mRNA) vaccines in lipid nano-
particles (LNPs) are effective, yet immunity can wane, and
reactogenicity increases with dose. We integrate ionizable lipid
design, LNP formulation, and untranslated region (UTR) tuning to
improve potency at low doses. From a 96-member biodegradable
ionizable lipid library, stereodefined H9T6 emerged as the lead
ionizable lipid. Design of experiments (DoE) identified an
H9T6:DOPG:cholesterol:PEG composition (40:16:43.5:0.5 mol
%) that achieved more than 3.5-fold higher dendritic-cell trans-
fection than SM-102, increased endosomal escape, and localized
expression predominantly to the injection site. For UTRs,
mechanism-linked pooled screens of synthetic, barcoded random-
ized libraries ranked more than 630,000 3′ UTR variants by half-life in primary human nasal epithelial cells and more than 68,000 5′
UTR sequences by ribosome loading via polysome profiling, followed by predefined sequence filters consistent with efficient
scanning and start codon recognition. The resulting 5B-8 scaffold outperformed benchmark UTRs from authorized mRNA vaccines
in peak and cumulative antigen expression in vitro and in vivo. Encapsulation of 5B-8 mRNA in H9T6 LNPs enhanced lymph node
delivery, and add-back plus receptor-blocking assays support an albumin-mediated transport mechanism. In mice, the formulation
elicited strong T helper 1 (Th1)-biased humoral and cellular responses at low-microgram doses. Antibody magnitude depended
primarily on UTR architecture, whereas T-cell responses reflected contributions from both the lipid and the UTR. Repeat-dose
studies in rats up to 100 μg showed only transient, reversible findings without additional safety signals. These results outline a
general framework for low-dose, lymph node-targeted mRNA vaccines that couples rational lipid design with mechanism-informed
UTR selection.
KEYWORDS: lipid nanoparticles (LNPs), ionizable lipids, untranslated regions (UTRs), lymph node targeting,
albumin-mediated transport, endosomal escape, SARS-CoV-2 mRNA vaccine

During the COVID-19 pandemic, mRNA lipid nano-
particles (LNPs) emerged as a revolutionary vaccine

technology.1−3 Previously, it had been dismissed as a
therapeutic modality due to the inherent limitations of
mRNA, such as instability, large size, negative charge, and
immunogenicity.4,5 The success of mRNA vaccines stems from
two critical advances: (i) LNPs that efficiently deliver mRNA
into cells,6 and (ii) nucleoside modification of in vitro
transcribed (IVT) mRNA, specifically, incorporation of
modified uridines such as pseudouridine and N1-methylpseu-
douridine (m1Ψ), which reduces innate immune sensing and
enhances translation and stability.7,8 LNPs are formulated
using helper lipids (phospholipids and cholesterol), PEGylated
lipids, and most critically, ionizable lipids, which are essential

for efficient mRNA encapsulation and endosomal escape.9

Exemplary ionizable lipids include ALC-0315 and SM-102,
which are used in the two COVID-19 mRNA vaccines:
BNT162b2 (Comirnaty) from Pfizer/BioNTech and mRNA-
1273 (Spikevax) from Moderna, respectively.1,2,10−12 These
lipids contain a tertiary amine group and branched alkyl chains
linked via ester bonds. The tertiary amine possesses a unique
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Figure 1. One-pot synthesis and functional screening of biodegradable ionizable lipids. (A) Two-step synthesis of ionizable lipids: coupling of
amine cores with (R/S)-glycidyl fatty-acid tails. (B) In vitro transfection efficiency of LNPs encapsulating firefly luciferase (FLuc) mRNA in murine
dendritic cells (DC2.4). LNPs for primary screens were prepared by pipette mixing (aqueous:alcoholic lipids = 3:1, v/v). Compositions and N/P:
SM-102/DSPC/cholesterol/PEG = 50/10/38.5/1.5 (mol %), N/P = 6; candidate ionizable lipid/DOPE/cholesterol/PEG = 35/16/46.5/2.5 (mol
%), N/P = 10. Cells were seeded at 6 × 103 cells per well in white 96-well plates and dosed with LNP-mRNA at 5 ng μL−1 mRNA in PBS, 100 μL
per well; luciferase was measured at 24 h. (C−E) Physicochemical characterization (hydrodynamic diameter, (EE%), and polydispersity index
(PDI)) of LNPs formulated with SM-102 or with MPLC-purified H9T6; compositions and N/P as in panel B. (F) FLuc expression in DC2.4 cells
for LNPs formulated with MPLC-purified H9T6 under the same seeding, dosing, and mixing conditions as in panel B. (G) In vivo bioluminescence
6 h after intramuscular injection of NanoAssemblr Ignite-formulated LNPs encapsulating BioNTech FLuc mRNA (m1Ψ; 5 μg) into the thigh
muscle of C57BL/6 mice. Groups: SM-102 LNPs (SM-102/DSPC/cholesterol/PEG = 50/10/38.5/1.5; N/P = 6) and H9T6 LNPs (formulated
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pH-responsive feature, becoming positively charged at acidic
pH while remaining neutral at physiological pH to minimize
cellular toxicity.10,11,13−16 This property is essential for mRNA
loading into the LNP and endosomal escape of mRNA/LNP
complexes that enter cells via receptor-mediated endocyto-
sis.17−19 Studies have shown that bulkier tails, such as
branched-chain structures of the ionizable lipids, enhance
endosomal escape efficiency by facilitating hexagonal structure
formation.18 This formation occurs when positively charged
tertiary amines in acidic late endosomes interact with
negatively charged helper lipids in the endosomal membrane,
ultimately leading to endosomal membrane disruption.17,20,21

The presence of ester bonds contributes to the biodegrad-
ability of the lipids.21 Despite their clinical success, current
LNPs need further optimization to improve their performance
and safety.22,23

The mRNA structure generally comprises a 5′ cap, a 5′
untranslated region (5′ UTR), an open reading frame (ORF),
a 3′ untranslated region (3′ UTR), and a poly(A) tail.24,25 IVT
mRNA capping efficiency and cap structure affect innate
sensing, translation, and stability.24,25 5′ UTRs play an
important role in recruiting ribosomes to IVT mRNA and
controlling translation initiation efficiency.26 An ORF encodes
an antigen containing B and T cell epitopes to induce an
adaptive immune response. 3′ UTRs are known to regulate
mRNA localization, stability, and translation.27 At the coding
sequence level, codon usage optimization and codon pair bias
tuning can enhance protein output and, in some contexts,
mRNA stability by aligning translation kinetics with host tRNA
pools and minimizing inhibitory motifs, without altering the
amino acid sequence.28 The poly(A) tail properties, such as
length, structure, and sequence composition, affect the
translational status and protect mRNA from degradation.29

The two COVID-19 mRNA vaccines utilize synthetic
mRNA structures. BNT162b2 comprises an α-globin 5′
UTR, a codon-optimized spike protein gene sequence with
K986P/V987P substitutions to stabilize prefusion conforma-
tion,4,30,31 tRNR1-AES 3′ UTR and a poly(A) tail with
A30L10A70 sequence. On the other hand, mRNA-1273
consists of an artificial 5′ UTR sequence, a codon-optimized
spike protein gene sequence with K986P/V987P substitutions,
and α-globin 3′ UTR. Both vaccines contain m1Ψ instead of
uridine to reduce the innate immune sensing by pattern-
recognition receptors and improve protein expression.32

Although 30 μg for BNT162b2 and 100 μg for mRNA-1273
showed over 90% efficacy against Wuhan SARS-CoV-2
symptoms, lowering the vaccine dose is always desirable to
alleviate side effects.1,33 One approach is optimizing mRNA
regulatory elements, such as untranslated regions (UTRs), to
enhance translational efficiency and stability.34

The mechanism of adaptive immune response induced by
mRNA-LNP vaccines is well-studied.35,36 Upon receptor-
mediated endocytosis, mRNA-loaded LNPs undergo endo-
somal escape, releasing mRNA into the cytosol.37 Then, the
ribosome translates mRNA into antigenic proteins, which can
induce immune responses via several pathways.4,38 Antigenic
proteins are degraded into small fragments by the proteasome
complex and presented on the cell surface by major

histocompatibility complex (MHC) class I proteins to activate
cytotoxic T cells in muscle cells.39 Activated cytotoxic T cells
secrete cytolytic enzymes such as perforin and granzyme,
inducing apoptosis in infected cells. Antigenic proteins are
internalized and degraded into peptides within acidified
endosomal and lysosomal compartments, where they are
subsequently loaded onto MHC class II molecules for
presentation to CD4+ helper T cells.40,41 Consequently, helper
T cells stimulate B cells to produce neutralizing antibodies and
activate macrophages to phagocytose pathogens by secreting
inflammatory cytokines, thereby protecting against infec-
tion.42,43

As evidenced during the COVID-19 pandemic, mRNA
vaccines have demonstrated robust immunogenicity and
protective efficacy across various age groups and racial
backgrounds.2 This success highlights the potential of mRNA
vaccines as a significant countermeasure against future
pandemic threats. However, current mRNA vaccine platforms
have exhibited certain limitations, including relatively high
reactogenicity41,44,45 and limited antibody durability, which
may impact the longevity of immune protection.46 Therefore,
further investigation is required to enhance the safety and
efficacy of mRNA vaccines, especially in improving LNP
delivery efficiency, optimizing mRNA antigen expression, and
enhancing immune cell targeting and/or stimulation.
Here, we describe the development of an LNP formulation

containing an ionizable lipid termed H9T6, which exhibits
superior transfection efficiency of mRNA into dendritic cells
(DCs) and comparable in vivo reporter gene expression when
administered intramuscularly compared to SM-102. We also
engineered a combination of 5′ and 3′ UTRs, designated 5B-8,
containing synthetic oligonucleotide sequences that enhance
both translation efficiency and mRNA stability compared to
the BioNTech and Moderna mRNAs. Encapsulating our 5B-8
mRNA in H9T6 LNPs yielded a vaccine candidate that
demonstrated enhanced lymph node targeting, comparable
humoral immunity, and significantly increased cellular
immunogenicity compared to BNT162b2. Toxicological
analysis showed that this mRNA vaccine candidate exhibited
similar safety profiles to the BNT162b2, including transient
injection site inflammation, reactive lymph node hyper-
cellularity, decreased albumin (and albumin/globulin ratio),
and increased fibrinogen, with no unique toxicity observed up
to 100 μg dosing. Overall, this study integrates lipid library
screening, LNP formulation optimization, and mRNA UTR
engineering into a single vaccine development pipeline,
addressing a critical gap in the field by concurrently optimizing
all three axes of LNP-mRNA design.

■ RESULTS AND DISCUSSION

Synthesis and Screening to Identify Ionizable Lipids for
Enhanced mRNA Delivery

We designed ionizable lipids to address the limitations of
ionizable lipid libraries synthesized via SN2 addition of primary
amines and epoxide tails (Figure 1A).47 The stereochemistry of
hydroxy carbons in this library was defined using (R)- and (S)-
glycidol, enabling precise characterization of LNP structure−

Figure 1. continued

with MPLC-purified H9T6; H9T6/DOPG/cholesterol/PEG = 40/16/43.5/0.5; N/P = 7) versus PBS. Whole-body photon flux was quantified as
log10(total flux).
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activity relationships by minimizing the influence of racemic
mixtures, consistent with previous reports showing that
stereochemical variations in ionizable lipid and other LNP
components, such as cholesterol, can alter in vivo mRNA
delivery efficiency.48,49 An ester bond was incorporated into
the alkyl chain to enhance biodegradability, as poorly
degradable ionizable lipids can cause in vivo toxicity when
present as exogenous molecules. In addition, readily degrad-
able lipids facilitate mRNA release into the cytosol upon LNP
delivery to target organs or cells. The head groups were
selected from commercially available amines, while epoxide
tails were synthesized by esterifying (R)/(S)-glycidol with fatty
acids (C8−C14). A total of 96 ionizable lipids were
synthesized via SN2 coupling of these components.
Luciferase expression in murine dendritic cells (DC2.4) was

assessed with pipette-mixed LNPs encapsulating IVT firefly
luciferase mRNA containing natural uridine. Under our assay
conditions, unmodified mRNA yielded robust luciferase
activity, slightly lower than m1Ψ-modified mRNA (Figure

S5A). Therefore, we used unmodified mRNA for most in vitro
assays (unless otherwise specified) and m1Ψ-modified mRNA
for all in vivo experiments. Benchmark SM-102 LNPs (SM-
102:1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC):cho-
lesterol:PEG = 50:10:38.5:1.5, mol %, N/P = 6) were
compared with candidate LNPs for in vitro screening (Figure
1B), while ALC-0315 LNPs served as the primary in vivo
comparator; under our conditions, SM-102 yielded higher in
vitro reporter expression, but intramuscular in vivo transfection
was comparable between SM-102 and ALC-0315 (Figure
S5B,C), supporting ALC-0315 as a clinically relevant bench-
mark.30 H9T6, the top-performing ionizable lipid with an (S)-
configured tail, exhibited approximately one-sixth of the
luciferase activity of SM-102 in DC2.4 mouse dendritic cells.
At the screening stage, crude lipids were tested without
purification. In a head-to-head comparison of enantiomers
(Figure 1B), the S-configured H9T6 consistently out-
performed its R-configured analogue H9T2 across biological
replicates. H9T6 and H9T2 showed similar hydrodynamic size,

Figure 2. Optimization of H9T6-formulated LNPs for enhanced mRNA delivery. (A) First-round screening strategy using a fractional-factorial
Design of Experiments (DoE); LNP compositions are listed in Table S1 and prepared by pipette mixing. (B) Luciferase reporter assay in DC2.4
cells for the formulations screened in (A). (C) The second screening strategy (fractional-factorial DOE); LNP compositions are listed in Table S1;
formulations were prepared by pipette mixing. (D) Luciferase reporter assay in DC2.4 cells for the formulations screened in (C). (E) In vivo
bioluminescence of the five top-performing formulations. SM-102−LNP and each candidate LNP (Table S1), formulated on a NanoAssemblr
Ignite and encapsulating 5 μg FLuc mRNA per mouse, were administered as a single intramuscular injection into the thigh. (F, G) Whole-body and
injection-site bioluminescence at 6 h postadministration. Statistics, one-way ANOVA with Dunnett’s multiple-comparisons test; *p < 0.05.
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encapsulation efficiency, and polydispersity index, indicating
comparable formulation quality. H9T6 (S) exhibited ∼300-
fold higher activity than H9T2 (R) in DC2.4 cells and ∼140-
fold higher activity in C2C12, a murine skeletal muscle
myoblast line, supporting a stereochemistry-dependent effect
on intracellular delivery and/or translation rather than
physicochemical differences (Figure S2B,C). After MPLC
purification of H9T6, LNPs formulated with H9T6 exhibited
particle size, encapsulation efficiency (EE%), and polydisper-
sity index (PDI) comparable to SM-102 LNPs (Figure 1C−E).
For cross-platform confirmation, matched formulations were
produced on a NanoAssemblr Ignite, encapsulating BioNTech
firefly luciferase (Fluc) mRNA containing m1Ψ, for in vitro and
in vivo evaluation (Figure 1F,G). Despite the physicochemical
parity, in vivo bioluminescence was markedly lower than SM-
102 controls (Figure 1G), indicating a disconnect between in
vitro and in vivo performance.
LC-MS profiling of MPLC-purified H9T6 (Figure S1A−C)

shows protonated molecular ions ([M + H]+) at m/z 1059,
1288, and 1362, together with the corresponding doubly
charged ions ([M+2H]2+). The m/z 1059 feature matches the
nominal mass expected for the four-tailed H9T6 on a unit-
resolution instrument; the higher-m/z features are consistent
with higher-mass homologues.50 To estimate composition by
an independent HPLC-ELSD analysis, we ran the same
physical column transferred from the LC-MS runs with
identical mobile phase, gradient, and flow rate, preserving
peak order, although absolute retention time (tR) can shift due
to system dead volume (Figure S1D). Under these conditions,
the peak at tR 8.468 min (peak 5) accounted for 55.26% of the
ELSD area and is consistent with the four-tailed H9T6
observed at m/z 1059 by LC-MS. In the LC-MS chromato-
gram, the m/z 1059 ion elutes at tR 6.7 min; differences in
absolute tR reflect instrument plumbing and detector
configuration. The remaining 44.74% of the ELSD area is
distributed among ten minor peaks, each ≤9% area (Figure
S1D).
Systematic Optimization Leads to an Advanced H9T6 LNP
Formulation

LNP formulation parameters were critical for achieving
efficient cellular mRNA delivery. To identify the most effective
lipid-to-component ratios, we independently optimized H9T6
LNP formulations using Fluc mRNA as a reporter. A Design of
Experiments (DoE) strategy was used to systematically screen
formulation variables, aiming to improve mRNA delivery
efficiency to target cells (Figure 2A and Table S1).51,52 In the
DC2.4 cell line, LNPs containing DSPC (formulations 1-F1,
F5, F9, F13) exhibited negligible luminescence, highlighting
the importance of helper lipid selection (Figures 2B and S3A−
C).9,21,53 In contrast, 1,2-dioleoyl-sn-glycero-3-phosphoglycer-
ol (DOPG)-containing LNPs showed comparable or superior
delivery to SM-102 LNP (SM-102:DSPC:cholesterol:PEG =
50:10:38.5:1.5, mol %, N/P = 6), with formulation 1-F16
(H9T6:DOPG:cholesterol:PEG = 40:16:43.5:0.5) achieving
approximately a 3.5-fold increase in luminescence in DC2.4,
while exhibiting lower luciferase activity in C2C12 (Figures 2B
and S3A). Consistent with these observations, first-screen
summaries (Figure S3C−E) show that ionizable lipid content
and helper lipid identity dominated transfection: increasing IL
% up to ∼40% increased luminescence, and helper lipid
performance ranked DOPG highest, DOPE and DOPC
intermediate and similar, and DSPC lowest. PEG exhibited

an inverted-U dependence with ∼1.0−1.5% optimal. Encap-
sulation efficiency was generally high (≈80−95%) for most
conditions but lower for DOPG formulations (∼60−70%);
particle sizes were ∼100−200 nm, and PDI remained <0.3 in
both DC2.4 and C2C12.
We then refined 1-F16 using a fractional-factorial design of

27 formulations (Table S1), fixing the ionizable lipid at 40 mol
% and varying the remaining components (Figure 2C). Guided
by the first screen, we excluded DSPC. PEG content was
increased to prevent oversized or unstable particles at very low
PEG, which is known to reduce particle size and polydispersity
and enhance colloidal stability,15,21 and the N/P ratio was
adjusted to balance delivery and physicochemical quality,
consistent with prior DoE optimizations that identify N/P as a
key lever for transfection versus formulation properties.54

These changes were intended to optimize particle size,
colloidal stability, and overall formulation performance. In
the fractional-factorial refinement (second screen; Figure S3F−
H), helper lipid remained dominant (DOPE/DOPG >
DOPC); PEG 0.5% gave the highest luminescence (1.0−
2.0% lower), N/P had only minor effects, and physicochemical
metrics were stable (encapsulation ∼ 75−95%, size ∼ 120−
180 nm, PDI ≤ 0.25). In DC2.4, DOPG or low-PEG
formulations performed best, with 2-F20 reaching ∼5.5-fold
over SM-102 (Figure 2D). In C2C12, responses also favored
DOPG; 2-F20 and 2-F21 showed luciferase activities
comparable to 2-F3 (DOPE with low PEG) (Figure S3B).
Notably, the DOPG cluster (2-F19/2-F20/2-F21) exceeded or
matched SM-102 across both cell lines. Considering cross-cell-
line performance, effect size relative to SM-102, and
prespecified physicochemical metrics (encapsulation, size,
PDI), we advanced 2-F3 and the DOPG cluster (2-F19/2-
F20/2-F21), together with 1-F16, to in vivo evaluation
(Figures 2D and S3B). The Screen-2 distributions (Figure
S3F−H) support these selections, showing that the DOPG/
low-PEG design space most consistently yields upper-quartile
luminescence in both cell lines while maintaining suitable
physicochemical properties.
Across the 27 formulations, DC2.4 and C2C12 cell viability

at the screening dose and 24 h were similar to PBS controls
(Figure S4B,D). All formulations showed ≥80% viability
relative to PBS, except 2-F25, which measured 79.4% in DC2.4
cells only. The lead low-PEG DOPG conditions showed
viability comparable to PBS, and no formulation produced a
meaningful loss of viability. Therefore, the observed
luminescence increases are not attributable to cytotoxicity.
Based on in vitro performance (Figure 2E), the five top-

performing formulations were advanced to in vivo testing.
LNPs were produced on the NanoAssemblr Ignite, encapsulat-
ing BioNTech Fluc mRNA incorporating m1Ψ, and adminis-
tered as a single intramuscular injection into the thigh. Relative
to SM-102, 1-F16 produced lower whole-body biolumines-
cence (p < 0.05) but comparable signal at the injection site.
Notably, 1-F16 remained localized to the injection site,
whereas SM-102 showed substantial hepatic accumulation
(Figure 2E−G). Collectively, these findings support 1-F16
(hereafter, H9T6 LNP) as the lead formulation for further
studies.
H9T6 LNPs Enhance Endosomal Escape in Dendritic Cells

Building on the DOE in Figure 2B, we formulated the 16 LNPs
(1-F1∼1-F16) by fully crossing four helper lipids (DSPC, 1,2-
dioleoyl-sn-glycero-3-phospho-ethanolamine (DOPE), 1,2-di-
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(9Z-octadecenoyl)-sn-glycero-3-phosphocholine (DOPC),
DOPG) with four PEG ratios (0.5, 1.0, 1.5, 2.0 mol %). We
quantified DC transfection (Figure 3A) and, for each
formulation, measured key nanoparticle attributes and intra-
cellular behaviors. All formulations showed high EE%,
generally >90% with modest between-group variation (Figure
3B). Hydrodynamic size clustered narrowly around the 70−

110 nm range with small but systematic shifts across PEG
ratio/helper lipid (Figure 3C). PDI remained ≤0.3 for all
conditions (Figure 3D). Zeta potential for DOPG-containing
LNPs was mildly negative and became closer to neutral as the
PEG ratio increased (Figure 3E), while the apparent pKa of the
ionizable cores was stable (≈6.2−6.7) across groups (Figure
3F). These data indicate that the 16 LNPs are well-formed and

Figure 3. Enhanced endosomal escape of H9T6/DOPG LNPs in dendritic cells. (A−F) LNP characterization with Formulation 1-F1∼16 (as
specified in Table S1). (G) Representative confocal images of cellular uptake and quantification of LNP endosomal escape from four independent
experiments. DC2.4 cells were treated with DiD-labeled LNPs for 2 h before staining with LysoTracker Green and Hoechst 33342 (scale bar = 100
μm). (H) DC2.4 cell uptake was evaluated by the mean DiD fluorescence per image (internalized LNPs). The percentage of LNPs that escape
endosomes (I) was evaluated by computing the ratio of red signal in the Merge image (LNPs that escape endosomes) and DID image (internalized
LNPs) using ImageJ software (n = 4). (J) Spearman correlations for the DC transfection. Statistics, two-way ANOVA with Tukey’s multiple-
comparisons test; ns: p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 4. High-Throughput Screening of Randomized 5′/3′ UTR Libraries via 3′ UTR Decay Profiling and Polysome Selection Identifies
Optimized 5B-8 UTRs for Potent mRNA Expression. (A) Library designs and screening workflow. Both libraries used a T7-driven eGFP reporter.
3′ UTR library, 108-nt randomized insert flanked by XhoI and NheI with a fixed barcode (GAGGGTACTT), cloned into pUC-GW-Amp
containing the Pfizer/BioNTech 5′ UTR and a poly(A) tail. 5′ UTR library, a 25-nt leader beginning with 5′-AG (CleanCap AG compatible) plus a
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comparable, enabling attribution of biological differences to
formulation variables rather than gross instability. Consistent
with the DC transfection result, DOPG-containing LNPs
outperformed the other helper lipids at lower PEG (0.5−1.5
mol %), whereas raising PEG to 2.0 mol % reduced activity
across the board. Representative confocal images after 2 h
exposure illustrate robust cellular uptake (DiD, red) and
endosomal labeling (LysoTracker, green) with discernible
formulation-dependent differences in colocalization (Figure
3G). Quantification across four independent experiments
showed that DC uptake (mean DiD intensity per field)
increased at lower PEG and was highest for DOPG/DOPE
relative to DOPC/DSPC (Figure 3H). Crucially, the fraction
of non-colocalized LNP signal was significantly elevated for
DOPG at low PEG, with the largest difference observed at 0.5
mol % PEG (Figure 3I; statistics indicated on plot). To
connect properties with function, we computed Spearman
correlations between DC transfection and each measured
parameter across the 16 formulations. The strongest
associations were observed for particle size, endosomal escape,
DC uptake, and encapsulation efficiency, whereas pKa, zeta
potential, and PDI contributed little (Figure 3J). Together
with the imaging data, these analyses indicate that efficient
endosomal release, along with higher uptake and compact
particle size, may be a key determinant of dendritic-cell
transfection in this panel. This is in line with previous work
identifying PEG density and helper-lipid identity as key
parameters for uptake/escape and with the consensus that
endosomal escape remains rate-limiting for LNP-mediated
mRNA delivery.53,55

Identification of 3′ UTRs Enhancing mRNA Stability and
Translation

While LNPs are essential for mediating intracellular delivery of
mRNA vaccines, the structural design of the mRNA itself,
particularly the UTRs, plays a critical role in optimizing
antigen expression. UTRs regulate mRNA stability and
translational efficiency, making them key targets for engineer-
ing more effective mRNA constructs.56,57 To enhance protein
expression compared to clinically approved vaccines such as
BNT162b2 (Pfizer/BioNTech) and mRNA-1273 (Moderna),
we constructed a synthetic 3′ UTR library composed of
randomized 108-nucleotide sequences. We used the BioNTech
backbone, which has a natural α-globin 5′ UTR and a synthetic
3′ UTR, to isolate and evaluate 3′ UTR effects on stability and
translation (Figure 4A).
We optimized 3′ UTRs using a stability-guided pooled time

course. The library was generated by replacing the mtRNR1-

AES 3′ UTR58 in the BNT162b2 mRNA backbone with
synthetic sequences on a constant 5′ UTR and enhanced green
fluorescent protein (eGFP) ORF. To identify UTRs with
robust translation for intranasal and intramuscular applications,
we screened in primary human nasal epithelial cells (HNEpC)
and confirmed in C2C12 myoblasts and DC2.4 dendritic cells.
IVT mRNAs were formulated as SM-102 LNPs. Cells were
harvested at 0, 1, 2, 4, and 8 h, RNA was quantified by NGS,
and counts were normalized to library depth, yielding more
than 630,000 unique 3′ UTR variants. After preprocessing and
clustering, variants were retained if counts were nonzero at all
time points (allowing 8 h to be zero) and if CPM at 8 h did
not exceed CPM at 0 h. Counts were normalized to library size
as CPM. Half-lives were estimated by fitting a first-order decay
model to each time course; as a robustness check, interval-
based estimates from all valid time-point pairs were also
computed. For each variant, the reported half-life is the median
of the regression- and interval-based estimates (see Meth-
ods).59,60

From this pool, nine candidate UTRs with the longest
estimated mRNA half-lives were selected based on decay
kinetics derived from NGS data (Figure S6A).57 To evaluate
the stability and translational efficiency of the nine selected 3′
UTR sequences (confirmed by Basic Local Alignment Search
Tool for nucleotide sequences (BLASTn) to lack significant
homology to human or viral UTRs (Table S2), we conducted
luciferase reporter assays using a NanoLuc-hPEST (NLucP)
construct. This reporter incorporates a C-terminal PEST
domain, which confers a short protein half-life (∼2 h), thereby
enabling dynamic assessment of mRNA stability mediated by
3′ UTRs. The effects of each 3′ UTR on protein expression
kinetics were analyzed by monitoring luciferase activity over
time, providing a proxy for mRNA decay kinetics. Notably, 3′
UTR sequences #2 and #8 exhibited enhanced protein
expression and stability compared to constructs modeled
after BioNTech and Moderna mRNAs (Figure 4B,C).
To better understand the underlying mechanisms, we

analyzed key kinetic parameters influencing protein output,
guided by established computational approaches.59 In both
DC2.4 and C2C12 cell lines, 3′ UTRs #2 and #8 exhibited a
delayed time to peak protein expression, indicating enhanced
mRNA stability, along with elevated maximum protein levels
compared to control UTRs from BioNTech and Moderna
constructs (Figure S7A−D). Because robust antigen expression
is critical for effective immunogenicity, we next quantified
cumulative protein production over time. 3′ UTRs #2 and #8
led to significantly greater total protein output compared to the
clinical benchmark UTRs (Figure S7E,F). Together, these

Figure 4. continued

69-nt randomized region, cloned into a Moderna backbone containing eGFP, the 3′ UTR, and a poly(A) tail. IVT mRNAs incorporated N1-
methylpseudouridine and were formulated as SM-102 LNPs (SM-102:DSPC:cholesterol:PEG = 50:10:38.5:1.5, mol %) on a NanoAssemblr Spark.
3′ UTR half-life was quantified in primary human nasal epithelial (HNEpC) cells by time-course sampling at 0, 1, 2, 4, and 8 h, followed by next-
generation sequencing (NGS). 5′ UTRs were selected by polysome profiling in RPMI-2650 cells after cycloheximide treatment, sucrose-gradient
fractionation, and NGS of polysome-enriched fractions. See Figure S6 for an overview of the UTR screening strategy and parameter details. (B, C)
Evaluation of 3′ UTR candidates. C2C12 (B) and DC2.4 (C) cells were transfected with NanoLuc-PEST mRNAs bearing 3′ UTRs #1−9;
luminescence was recorded over 6−96 h. (D, E) Evaluation of 5′/3′ UTR combinations. C2C12 (D) and DC2.4 (E) cells were transfected with
FLuc mRNAs carrying 5′ UTRs #1 or #5 paired with 3′ UTRs #2 or #8; luminescence was measured at 6, 12, 24, and 48 h. All in vitro transfections
(B−E) used Lipofectamine MessengerMAX and mRNA containing canonical uridine (UTP). (F) In vivo protein expression. Bioluminescence
imaging of C57BL/6 mice following intramuscular injection of ALC-0315−formulated, m1Ψ-modified FLuc mRNA bearing BioNTech UTRs or
optimized UTRs (5A-2, 5B-2, 5B-8). Each mouse received 5 μg in the thigh muscle. LNP composition: ALC-0315:cholesterol:DSPC:ALC-0159 =
46.3:42.7:9.4:1.6 (mol %; N/P = 6). Whole-body bioluminescence was measured at 6 and 12 h postinjection. Data are mean ± SD (n = 3 per
group). Statistics, one-way ANOVA with Dunnett’s multiple-comparisons test; *p < 0.05, **p < 0.01.
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findings highlight 3′ UTR sequences #2 and #8 as promising
candidates for improving mRNA stability and protein
expression in mRNA vaccine applications.
Identification and Optimization of 5′ UTRs
Complementing High-Performing 3′ UTRs to Enhance
Protein Expression
Next, we aimed to develop 5′ UTR sequences to further
enhance protein expression. The 5′ UTR is a critical region of
mRNA that plays a key role in regulating translation. The
combination of 5′ and 3′ UTR sequences has a significant
influence on both mRNA stability and protein expression. To
identify optimal 5′ UTRs, we used the Moderna backbone,

which has a synthetic 5′ UTR and a natural α-globin 3′ UTR,
to provide a clean initiation context for comparing candidate 5′
UTRs. IVT mRNAs bearing randomized 69-nt 5′ UTRs were
formulated with SM-102 LNPs, transfected into RPMI-2650
cells, and then treated with cycloheximide to stall ribosomes on
mRNA. NGS confirmed more than 68,000 unique 5′ UTR
variants in the input library. We then performed polysome
profiling with NGS quantification, using polysome-to-mono-
some enrichment as the primary selection criterion, since
polysome association correlates with translational efficiency
(Figure 4A). Hits were called based on polysome-to-
monosome enrichment scores. Polysome-selected candidates

Figure 5. Humoral and cellular immune responses against SARS-CoV-2 spike following H9T6/5B-8-spike mRNA vaccination in mice. (A)
Schematic of the immunization schedule. For immunogenicity studies, female C57BL/6 mice (n = 8 to 11 per group) were immunized
intramuscularly in the hind limb on days 0 and 21 and euthanized on day 35. mRNA encoding full-length SARS-CoV-2 spike was encapsulated into
LNPs by microfluidic mixing (NanoAssemblr Ignite). LNP composition (mol %) and N/P ratio: ALC-0315 LNPs = ALC-
0315:cholesterol:DSPC:ALC-0159 (PEG) 46.3:42.7:9.4:1.6, N/P = 6; H9T6 LNPs = H9T6:cholesterol:DOPG:DMG-PEG 40:43.5:16:0.5, N/
P = 7. Each lipid was tested with either BioNTech UTRs or 5B-8 UTRs. (B, C) Spike-specific serum IgG responses were quantified as the area
under the curve (AUC) from serial serum dilutions obtained by ELISA at weeks 3 and 5, reflecting the overall antibody response magnitude. (D, E)
Week 5, spike-specific T cell responses were assessed using IFN-γ Enzyme-Linked ImmunoSpot (ELISPOT) assays. Data presented as the mean ±
standard error of the mean (SEM). Statistics, one-way ANOVA with Tukey’s multiple comparisons test; ****p < 0.0001, ***p < 0.001, **p < 0.01,
*p < 0.05.
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were refined using mechanistically justified parameters: GC
content < 55% (favoring ∼ 40−55%) set to a moderate range
to avoid instability or overly stable structures that impede
scanning,56 reduced uridine < 25% with UA/UU runs ≥ 4

excluded to limit nuclease susceptibility and TLR7/8
sensing,61,62 and annotation of predicted G-quadruplex motifs
known to impede scanning, which were not used as hard
exclusion criteria (Figure S6B and Table S3).63 Eight

Figure 6. Assessment of lymph node targeting by 5B-8-loaded H9T6 LNPs. (A) C57BL/6 mice were subcutaneously immunized on day 0 with
0.25 mg/kg of mRNA-LNP vaccines at the tail base formulated with either ALC-0315/BioNTech, H9T6/BioNTech, ALC-0315/5B-8, or H9T6/
5B-8. ALC-0315 and H9T6 LNPs were formulated as described in Figure 5A (same mol % and N/P). Biodistribution was assessed 24 h
postinjection using Cy5-labeled LNPs, and immune responses were evaluated on day 21. (B, C) To evaluate lymph node-targeting efficiency, mice
received subcutaneous injections of Cy5-labeled LNPs. Fluorescence signals at the inguinal lymph nodes (iLNs) were imaged in vivo (upper panels)
and ex vivo (lower panels) at 24 h postinjection. (D) Radiant efficiency of iLNs was quantified (n = 4 per group). (E−G) Albumin selectively
boosts transfection by DOPG/low-PEG LNPs compared to ALC-0315 LNPs. FCM analysis of endocytosis behavior in DC2.4 cells under various
cultivation conditions following incubation with DOPG/low-PEG (H9T6/5B-8) or ALC-0315/BioNTech LNP: in complete RPMI culture
medium (E); in serum-free RPMI culture medium (F); in serum-free RPMI culture medium supplemented with BSA (G). Statistics, one-way
ANOVA with Tukey’s post hoc test for fluorescence intensity comparison, and Dunnett’s multiple comparisons test for groupwise significance; **p
< 0.01, *p < 0.05.
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candidates met these criteria (Table S3) and showed no
significant similarity to human or viral UTRs by BLASTn
(Table S3). To assess their functional relevance, we
incorporated the selected 5′ UTRs into luciferase reporter
constructs paired with 3′ UTR sequences #2 or #8 and
evaluated protein output in C2C12 and DC2.4 cells. Despite
polysome enrichment, most candidates produced lower peak
and total protein output than benchmark BioNTech and
Moderna UTRs, or constructs retaining the BioNTech 5′ UTR
with 3′ UTRs #2 or #8 (Figure S8), indicating that polysome
enrichment alone is insufficient to predict translational
efficiency. In an initial screen of eight candidates, two 5′
UTRs (#1 and #5; Table S3) showed relatively higher peak
and total output than the others and were advanced for
optimization (Figure S8). Guided by previous reports,56,64 that
longer, highly structured 5′ UTRs reduce protein output, we
redesigned candidates #1 and #5 by trimming the variable 5′
UTR to 50−70 nt, removing regions with strong internal
complementarity,65 and tuning the RNAfold-predicted mini-
mum free energy at 37 °C toward ∼−10 kcal mol−1
(acceptable −7 to −12) to balance initiation-site accessibility
with structural integrity.66 Applying these criteria,56,67,68 we
engineered four 5′ UTR variants (1A, 1B, 5A, and 5B) that
showed improved performance when paired with high-
performing 3′ UTRs (#2 and #8). BLASTn screening
confirmed no significant homology to human or viral UTRs
(Table S3). Across 48 h luciferase time courses, the redesigned
5′ UTRs increased expression when paired with high-
performing 3′ UTRs (#2 or #8). The 5B-8 combination
yielded the highest output in C2C12 and DC2.4, surpassing
BioNTech, Moderna, and all other 5′/3′ pairs at the ∼10−12 h
peak and over the full-time course (Figures 4D,E; S9). 5A-2
and 5B-2 were consistently above the reference controls but
below 5B-8. In vivo bioluminescence reproduced this ranking,
with 5B-8 significantly higher than BioNTech at 6 h and
comparable by 12 h (Figure 4F).
Together, these results demonstrate that rational, iterative

optimization of both 5′ and 3′ UTRs can synergistically
enhance protein expression. The 5B-8 scaffold, in particular,
significantly outperformed benchmark constructs derived from
current clinical vaccines, warranting further in vivo evaluation
for therapeutic mRNA applications.
Enhanced In Vivo Protein Expression from ALC-0315-LNP
Formulated mRNAs Containing Optimized UTR
Combinations

To test whether the in vitro gains from optimized UTRs
translate in vivo, we used ALC-0315 LNPs as a clinically
relevant benchmark reflecting the Pfizer/BioNTech platform.
Moreover, additional head-to-head tests comparing 5B-8 UTR
with the BioNTech UTR in both ALC-0315 and SM-102
backbones confirm that the UTR-driven gains persist across
LNP backbones in vitro and in vivo (Figure S5C). We then
administered equal-dose intramuscular injections of ALC-0315
LNP-encapsulated luciferase mRNAs bearing 5A-2, 5B-2, or
5B-8 UTR pairs to C57BL/6 mice and quantified bio-
luminescence at 6 and 24 h (Figure 4F). Consistent with in
vitro data, 5A-2 and 5B-2 produced moderate increases over
constructs modeled on the BioNTech and Moderna UTRs,
and 5B-8 yielded the highest expression across time points.
Accordingly, we selected 5B-8 for subsequent vaccine studies.

Vaccination with H9T6/5B-8 Encoding SARS-CoV-2 Spike
Induces a Robust Antigen-Specific Immune Response

To assess immunogenicity, mice received two doses of each
mRNA−LNP (1.0 μg) 3 weeks apart (Figure 5A). Spike-
specific serum IgG was measured at weeks 3 and 5, and overall
antibody magnitude was summarized as the area under the
enzyme-linked immunosorbent assay (ELISA) titration curve
(AUC) (Figure 5B,C). All vaccine formulations induced
measurable humoral responses, which were further increased
after the booster dose. Among the groups, mRNA constructs
containing the 5B-8 UTR elicited stronger antibody responses
than those containing the BioNTech UTR, regardless of the
lipid used. In contrast, the difference between ALC-0315 and
H9T6 formulations was modest within the same UTR
background, indicating that the enhancement of humoral
immunity was largely attributable to the mRNA design rather
than the lipid composition.
Cellular immune responses were assessed at week 5 using

IFN-γ Enzyme-Linked ImmunoSpot (ELISpot) assays (Figure
5D,E). All vaccine formulations induced robust T cell
responses, with the H9T6/5B-8 formulation exhibiting the
highest frequency of IFN-γ−secreting cells. Both the 5B-8
UTR and the H9T6 lipid contributed to this increase,
suggesting that improved antigen translation via the optimized
UTR and enhanced lymph node targeting through the lipid
formulation act cooperatively to promote T cell activation.
Together, these data demonstrate that antibody responses
were primarily driven by UTR optimization, whereas T cell
responses reflected the additive effects of both mRNA and lipid
components.
Optimized H9T6 LNP Formulation Facilitates Lymphatic
Targeting for 5B-8 mRNA Delivery

Next, we evaluated the lymph node-targeting capability of the
LNP formulations using in vivo bioluminescence imaging
(IVIS), aiming to explore the differential biodistribution of the
various LNP formulations in vivo (Figure 6A). One day
following the subcutaneous injection of LNPs into the dorsal
region of the mice, whole-body IVIS imaging showed distinct
fluorescence signals in the inguinal lymph nodes (iLNs),
demonstrating the extent of LNP accumulation (Figure 6B).
Mice treated with the H9T6/5B-8 displayed a notably higher
fluorescence intensity in the lymph nodes than other
formulations, suggesting enhanced lymph node targeting. In
contrast, the ALC-0315/BioNTech, H9T6/BioNTech, and
ALC-0315/5B-8 formulations exhibited relatively lower but
detectable fluorescence intensities. Ex vivo imaging of isolated
iLNs confirmed these findings (Figure 6C). To quantify the
observed differences, we measured the total radiant efficiency
in the lymph nodes of each group (Figure 6D). The H9T6/5B-
8 formulation showed significantly higher fluorescence
intensity in lymph nodes compared to ALC-0315 LNPs. By
contrast, with the BioNTech UTR, H9T6 LNPs showed a
higher trend but were not significantly different from ALC-
0315 LNPs. This enhanced lymphatic targeting demonstrates
the successful optimization of H9T6 lipid, especially for 5B-8
mRNA components. Mice treated with H9T6/5B-8 showed
significant 2.82-fold and 2.14-fold increases in fluorescence
intensity compared to ALC-0315/BioNTech and ALC-0315/
5B-8 groups, respectively, while the PBS control showed
minimal signal. These findings indicate that the unique
properties of the H9T6 lipid facilitates efficient lymphatic
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transport and uptake, leading to enhanced antigen expression
in lymph nodes and robust immune responses.
Prompted by the stronger lymph node (LN) accumulation

of H9T6/DOPG LNPs, we asked whether specific protein
corona69 and uptake pathways contribute to the DC advantage
of this formulation. In a protein add-back screen performed in
serum-free RPMI (Figure S10A), supplementing individual
proteins at physiological levels showed that both bovine (BSA)
and mouse serum albumin (MSA) significantly increased

Spike+ DC2.4 frequencies relative to the no-treatment (NT)
control, whereas transferrin, IgM, IgG, apolipoproteins (ApoA,
ApoE), and complement factors (C3, C4) produced less or no
enhancement. To map candidate uptake routes in 10% fetal
bovine serum (FBS), we next blocked putative albumin-
handling and scavenger pathways (Figure S10B). Inhibiting
gp60 (albondin) or gp18 led to pronounced drops in Spike+%,
and blocking megalin or cubilin also significantly reduced
transfection; FcRn, SPARC, and CD36 blockade produced

Figure 7. Immune cell profiling and cytokine production in inguinal lymph nodes following mRNA-LNP vaccination. (A, B) First day
postimmunization, iLNs dendritic cell (DC) activation was evaluated by surface expression of CD80 and CD86. (C−J) On day 21
postimmunization, iLNs were harvested and processed into single-cell suspensions for T/B cell flow cytometric analysis. (D−I) T cell subsets were
analyzed for intracellular cytokine production, including IFN-γ, IL-2, and TNF-α. (J) Memory B cells were identified based on coexpression of
PDL2 and CD80. Data are presented as mean ± SD (n = 4 mice per group). Experimental groups: G1, ALC-0315/BioNTech; G2, H9T6/
BioNTech; G3, ALC-0315/5B-8; G4, H9T6/5B-8; G5, PBS; formulation described in Figure 5A (same mol % and N/P). Grouped bar colors are
shown above the figure. Statistics, one-way ANOVA (A−I) or two-way ANOVA (J) with Dunnett’s multiple comparisons test; p value was not
labeled unless p < 0.05. ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05.
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moderate, but still significant, reductions. Taken together,
while multiple receptors can contribute to uptake in serum,
albumin-associated pathways are most consistently impactful,
aligning with the known roles of albumin endocytosis70,71

mediated by multiple pathways. Next, we directly tested
whether albumin is a differentiating factor between our
DOPG/low-PEG LNP and a benchmark ALC-0315 LNP.
Under 10% FBS (Figure 6E), the H9T6/5B-8 LNP yielded a
significantly higher proportion of Spike+ DCs than the ALC-

0315/BioNTech formulation. In serum-free medium (Figure
6F), both formulations were comparatively low and not
statistically different, indicating limited delivery in the absence
of serum proteins. Strikingly, adding BSA to serum-free
medium (Figure 6G) selectively boosted H9T6/5B-8 but not
ALC-0315, phenocopying the FBS condition. These head-to-
head data demonstrate that albumin is significantly involved
and required to unmask the transfection advantage of the
DOPG/low-PEG surface, whereas a more heavily PEGylated,

Figure 8. Toxicological evaluation of mRNA vaccine candidates. Rats were intramuscularly injected with ALC-0315/BioNTech, ALC-0315/5B-8,
or H9T6/5B-8 mRNA vaccines once weekly for two doses and sacrificed on days 12/13 and 22. ALC-0315 and H9T6 LNPs were formulated as
described in Figure 5A (same mol % and N/P). (A) Schematic of the experimental design. (B) Body weights were recorded at each time point (n =
5 or 6 per group; n = 10 for control and high-dose groups from day 4 to 11). (C) Hematological parameters were assessed and presented as median
(line), interquartile range (box), and minimum/maximum (whiskers). (D, E) Representative histological images of iLNs (D) and injection site
muscle tissue (E) from male rats in the high-dose group on day 12. Lower panels show magnified views of boxed regions (upper panels: scale bar =
100 μm; lower panels: scale bar = 20 μm). Arrows indicate apoptotic cells (black) and mononuclear cell infiltration (green). (B, C) Statistics, one-
way ANOVA with Dunnett’s multiple comparisons test; **p < 0.01, *p < 0.05.
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DSPC-containing ALC-0315 LNP remains comparatively
unresponsive to albumin. This formulation-specific “albumin
responsiveness” is consistent with the albumin-hitchhiking
concept, wherein nanoparticles that adsorb albumin exploit
albumin transport/uptake routes to enter immune cells.72

Mechanistically, the albumin add-back and receptor-blocking
results (Figure S10) together with the albumin-selective head-
to-head comparison (Figure 6E−G) provide a coherent
explanation for the enhanced LN targeting seen in Figure
6A−D. Low PEG density and an anionic helper lipid (DOPG)
may favor adsorption of endogenous albumin, enabling the
LNP−albumin complex to (i) traffic efficiently through
interstitial/lymphatic pathways and (ii) engage albumin-
handling receptors on endothelial and antigen-presenting
cells, thereby increasing delivery to DCs within draining
LNs. Recent work on engineering albumin-recruiting LNPs
corroborates this model, showing that deliberate augmentation
of albumin binding drives high lymphatic drainage with
minimal hepatic accumulation, ultimately improving vaccine
efficacy and safety.73,74 Our data indicate that H9T6/DOPG
LNPs achieve a similar outcome without an exogenous
albumin ligand, likely by virtue of their surface chemistry.
Lymph Node-Targeting H9T6/5B-8 Formulation Efficiently
Promotes Immune Cell Activation in the Inguinal Lymph
Nodes

To further characterize the immune responses elicited by the
vaccine formulations, we performed immunophenotyping of
splenic and lymph node-derived immune cells 21 days
postinjection using flow cytometry (Figures S11, S12), with
a focus on both innate and adaptive immunity. In the iLNs, the
H9T6/5B-8 formulation markedly upregulated the expression
of CD80 and CD86 on DCs, significantly exceeding levels
observed in mice treated with other LNP formulations or PBS
(Figure 7A,B). This enhanced antigen-presenting phenotype
likely facilitated more efficient T cell priming. Consistent with
this, the CD4/CD8 ratio in the lymph nodes was significantly
reduced in the H9T6/5B-8 group, reflecting preferential
expansion of CD8+ T cells (Figure 7C). Moreover, this
formulation induced robust Th1-type responses, as evidenced
by a marked increase in CD4+ and CD8+ T cells producing
IFN-γ, IL-2, and TNF-α (Figure 7D−I). These cytokine
profiles indicate a strong and durable cellular immune
response. In addition, H9T6/5B-8 treatment significantly
elevated the frequency of memory B cells coexpressing PDL2
and CD80, relative to other groups (Figure 7J), suggesting
enhanced potential for long-term humoral immunity. Togeth-
er, these findings demonstrate that the H9T6/5B-8 for-
mulation effectively activates DCs and elicits potent, lymph
node-localized T and B cell responses.
In the spleen, however, activation marker expression

(CD80+ and CD86+) on DCs showed no significant differ-
ences across the various LNP-treated groups (Figure S11A,B),
and the CD4+/CD8+ T cell ratio remained consistent across all
groups (Figure S11C). However, mice treated with the H9T6/
5B-8 formulation (G4) exhibited a slight increase in CD4+ T
cells producing IL-2 and TNF-α, suggesting modest enhance-
ment of Th1-type responses. Statistical significance was
achieved for IL-2 and TNF-α in select comparisons only
(Figure S11D−F), in contrast to the PBS group, which showed
minimal cytokine production. Similarly, the H9T6/5B-8 group
demonstrated a modest but statistically significant increase in
IFN-γ+ and IL-2+ CD8+ cytotoxic T cells, while TNF-α levels

remained comparable across treatment groups (Figure S11G−
I). These data suggest that H9T6/5B-8 moderately enhances
CD4+ and CD8+ T cell activation in the spleen, primarily
through IL-2 and IFN-γ induction, although the magnitude of
the response is lower than that observed in the lymph nodes.
Overall, the H9T6/5B-8 LNP formulation demonstrates

superior lymph node targeting and potentiates both innate and
adaptive immune responses. Its Th1-biased cytokine profile
and strong activation of T cells and memory B cells position it
as a potentially promising next-generation mRNA vaccine
platform. Compared to ALC-0315/BioNTech, H9T6/5B-8
achieves superior immunogenicity metrics, supporting its
further development for SARS-CoV-2 and other infectious
disease targets, especially in prime-boost vaccination strategies.
Toxicological Evaluation of 5B-8 and H9T6/5B-8 mRNA
Vaccine Formulations

The toxicological effects of mRNA vaccine candidates were
examined in rats. Body weight changes and food consumption
were monitored throughout the study (Figure 8A). Compared
to the control group, decreased body weights were observed in
all high-dose mRNA vaccine groups (ALC-0315/BioNTech:
9.55%, ALC-0315/5B-8:8.99%, and H9T6/5B-8:10.09%) on
day 11 in male rats only, followed by recovery to normal levels
(Figure 8B). Mean food consumption (g/day/rat) decreased
in male rats from medium and high-dose groups on day 8, and
in high-dose groups on day 11 (Figure S13A). Female rats
showed decreased food consumption in all high-dose groups
on day 8 and in high-dose groups of ALC-0315/BioNTech and
ALC-0315/5B-8 on day 11 (Figure S13A). Decreased organ
weights were observed in the liver and thymus of male groups
treated with mRNA vaccines, while increased iLN weights
were detected in female high-dose groups of ALC-0315/
BioNTech and ALC-0315/5B-8. These changes were reversed
by the end of the recovery period (data not shown).
Next, hematology, clinical chemistry, coagulation, and urine

analyses were conducted. Red blood cell (RBC)-related
parameters (hemoglobin, hematocrit, and absolute and relative
reticulocytes) were reduced in mRNA vaccine-treated groups
compared to controls at day 12/13 (Figure 8C). However,
reticulocytes were elevated at day 22, indicating these changes
were transient and secondary to vaccine-induced inflammation.
Increases in platelet count (PLT; 27.3−42.1%) and fibrinogen
concentration (FIB; 18.8−23.6%), along with decreases in
albumin and albumin/globulin (A/G) ratio, were observed in
ALC-0315/BioNTech, ALC-0315/5B-8 (100 μg), and H9T6/
5B-8 (100 μg) groups at day 12/13 (Figure S13B). These
changes returned to normal by the end of the recovery period.
The elevated fibrinogen and decreased albumin levels were
consistent with the acute phase response, likely secondary to
injection site inflammation. Similar changes have been
reported in other mRNA vaccine studies.75−77 Other statisti-
cally significant changes observed in this study remained within
normal physiological ranges and were not considered treat-
ment-related. Urinalysis showed no statistical differences
between mRNA vaccine-treated and control groups (data not
shown).
In histopathological examinations of 25 organs, mRNA

vaccine-related changes were observed primarily in iLNs and
injection sites (Figures 8D,E, and S13C−F, Table S10). In the
iLNs, increased apoptosis characterized by pyknosis, karyor-
rhexis, and cytoplasmic condensation was observed on days
12/13 and 22. Increased cellularity was detected in one to two
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rats per sex in medium and high-dose groups on day 12/13,
persisting only in male rats on day 22. At injection sites,
infiltration of lymphocytes, macrophages, and neutrophils,
accompanied by tissue injury, including fibrosis and angio-
genesis, around the perimuscular region and mononuclear cell
infiltration in the muscular region, was observed in the ALC-
0315/Pfizer, ALC-0315/5B-8, and H9T6/5B-8 groups in a
dose-dependent manner. After a recovery period, these
pathological lesions attenuated or recovered. Increased
cellularity and apoptosis were also observed in the regional
lymph node around the injection site, which was reversed after
a recovery period
At the tested high dose, hematology, clinical chemistry,

coagulation, and histopathology showed no significant differ-
ences among ALC-0315/Pfizer, ALC-0315/5B-8, and H9T6/
5B-8. A transient reduction in absolute and relative
reticulocytes was observed in male H9T6/5B-8 and female
ALC-0315/5B-8, without changes in RBC count, hemoglobin,
or hematocrit, and reticulocyte counts increased by day 22,
with no differences noted among the three groups. Taken
together, these findings show no evidence of added systemic
toxicity attributable to the H9T6 lipid or the 5B-8 mRNA
under these study conditions.
The COVID-19 pandemic highlighted the transformative

potential of mRNA vaccines in rapidly combating viral
threats.1−3,78 Despite their success, first-generation mRNA
vaccines such as BNT162b2 (Pfizer/BioNTech) and mRNA-
1273 (Moderna) exhibit several limitations, including transient
antibody responses, dose-dependent reactogenicity, and
suboptimal biodistribution.79−81 To address these limitations,
we developed an integrated platform that systematically
optimizes lipid chemistry, LNP formulation, and UTR design,
moving beyond one-dimensional optimization.
Building on this integrated platform, we first optimized lipid

chemistry and LNP composition to improve in vivo delivery.
To improve delivery, we employed rational lipid engineering
and formulation optimization. Given emerging evidence that
stereopure ionizable lipids can outperform racemic mixtures,
lipid stereochemistry represents an additional axis for
optimization alongside UTR engineering and formulation.
Our ionizable lipid library incorporated stereospecific glycidol
precursors to ensure defined chirality and introduced ester
linkages to promote biodegradability and facilitate mRNA
release. From this library, H9T6 emerged as a promising lead
based on in vitro transfection efficiency, although its initial in
vivo performance was suboptimal. This discrepancy under-
scored the necessity of formulation tuning. Using the DoE
framework,52,82,83 we identified key parameters, most notably,
replacing DSPC with DOPG and adjusting PEG content, that
significantly enhanced in vitro transfection, achieving >3.5-fold
improvement over SM-102 in dendritic cells. Furthermore,
H9T6-based LNPs exhibited a favorable biodistribution
profile, with limited hepatic accumulation and predominant
localization at the injection site, supporting localized
expression and reduced systemic exposure. These findings
emphasize the value of co-optimizing lipid structure and
formulation composition to achieve targeted, efficient mRNA
delivery.
Although formulations 2-F19 through 2-F21 showed equal

or greater DC2.4 transfection than the H9T6 (1-F16)
formulation at 24 h in vitro (Figure 2B), H9T6 performed
better in vivo (Figure 2E−G), indicating that per-cell luciferase
in culture does not fully predict the in vivo outcome. We

propose that H9T6 LNPs have more favorable in vivo
properties, including improved lymphatic drainage and lymph
node access, a protein corona that limits hepatic capture,
sufficient stability without aggregation in interstitial fluid, and a
balance of endosomal escape and innate sensing that sustains
translation in antigen-presenting cells. By contrast, 2-F19 to 2-
F21 may achieve high acute DC transfection in vitro yet
undergo stronger serum opsonization and liver sequestration,
faster PEG desorption, or heightened interferon signaling that
truncates translation in vivo, yielding lower functional delivery
despite higher in-well potency. Future studies are required to
test these hypotheses directly.
At 24 h after tail-base subcutaneous dosing, draining lymph

node (dLN) Cy5 signal ranked as follows: H9T6/5B-8 was
highest, while H9T6/BioNTech, ALC-0315/BioNTech, and
ALC-0315/5B-8 were similar to one another and all above
PBS. Only H9T6/5B-8 was significantly higher than both
ALC-0315 comparators, by 2.82-fold versus ALC-0315/
BioNTech and 2.14-fold versus ALC-0315/5B-8; H9T6/
BioNTech versus ALC-0315/BioNTech was not significant
(Figure 6B−D). These results indicate a lipid-driven lymph
node advantage with H9T6/5B-8 achieving the greatest
accumulation.
We propose a two-step mechanism for preferential lymph

node targeting by H9T6 LNPs: (i) surface chemistry (DOPG
with low PEG density) promotes albumin adsorption and
engagement of albumin-handling pathways, favoring lymphatic
transport and dendritic-cell uptake; (ii) after internalization,
DOPG and lower PEG facilitate membrane remodeling and
endosomal escape, the rate-limiting step for productive mRNA
expression. This model is consistent with evidence that lipid
composition sets organ tropism and that the evolving protein
corona, including albumin, mediates the biological identity and
trafficking of LNP.69 Thus, beyond a single LNP recipe, we
provide a generalizable design-and-mechanism blueprint for
lymph node-targeted mRNA vaccines without exogenous
albumin ligands. To test this model directly, we will quantify
albumin within the protein corona and measure binding
affinities (for example, SPR/BLI) and in vivo albumin-
competition (for example, Evans blue) to link albumin
recruitment with lymph node tropism and dendritic cell
transfection in this system.
Having established delivery to lymph nodes and dendritic

cells, we next coordinated 5′ and 3′ UTR design to maximize
translation. While first-generation mRNA vaccines validated
the mRNA−LNP platform, further gains in translational
efficiency remain desirable.79−81 Our data support joint
optimization of both UTRs rather than treating them as
independent variables, revealing synergistic interactions
between components. The 5B-8 scaffold, identified through
polysome selection and combinatorial screening, exemplifies
how cooperative UTR design can enhance antigen production.
Notably, 5′ UTR truncation emerged as a key determinant of
improved translation efficiency, likely by minimizing inhibitory
secondary structures.66,84 These insights reinforce the view that
RNA structure−function relationships should inform future
mRNA therapeutic design.
Our UTR optimization was screening-based but mechanism-

linked. The 3′ UTR library was ranked by experimentally
measured half-life from a pooled decay time course in primary
human nasal epithelial cells, with transcript abundance fit to a
first-order model and half-lives summarized per variant. The 5′
UTR library was ranked by polysome enrichment, a proxy for
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ribosome loading and initiation efficiency, and subsequently
refined using predefined sequence filters that favor scanning
and start codon recognition. These included maintenance of a
Kozak-compatible start context, moderation of GC content,
and reduction of uridine tracts, while the presence of upstream
AUGs, uORFs, and predicted G-quadruplex motifs was
annotated but not applied as strict exclusion criteria. These
criteria align with higher polysome occupancy and increased
protein output in our assays. For 3′ UTRs, we interpret
expression gains as stability-driven based on measured half-life,
and we did not perform motif-level deconvolution such as AU-
rich element or miRNA-seed analyses. This framework
connects high-throughput selection to defined mechanisms
and sets the stage for rational design and targeted validation.
Although the 5B-8 scaffold demonstrated potent translational
enhancement, its underlying mechanisms warrant further
study. Future work should investigate the structural and
biochemical determinants of 5B-8-mediated translation, as well
as long-term expression kinetics and immunogenicity across
diverse disease models.85

Separately, optimized UTRs showed concordant rankings
across assays, with similar performance trends in vitro (DC2.4
and C2C12) and in vivo after intramuscular dosing (Figure
4D−F). This concordance supports a construct-intrinsic role
of UTRs in controlling translation, relatively independent of
the LNP formulation. We minimized delivery variability in the
UTR comparisons by using optimized transfection reagents,
SM-102 LNPs for the initial library screening (Figure 4A),
Lipofectamine for UTR evaluations (Figure 4B−E), ALC-0315
LNPs for in vivo validation (Figure 4F). By comparison,
formulation outcomes (Figures 2B−G; S3A,B) are more
sensitive to biological context, including pharmacokinetics,
lymphatic transport, protein corona effects, cellular uptake
routes, and endosomal escape. These factors likely contribute
to the greater context dependence observed for formulation
effects and may explain minor discrepancies between screens
and follow-up studies.
In this study, both LNP composition and mRNA UTR

architecture differentially influenced humoral and T-cell
responses. The overall antibody magnitude depended primarily
on UTR configuration; ALC-0315/5B-8 and H9T6/5B-8
exceeded their BioNTech-UTR counterparts, whereas ALC-
0315/BioNTech and H9T6/BioNTech did not differ signifi-
cantly (Sec. 2.6; Figure 5B,C). Because antigen expression
shapes immunogenicity, the higher protein expression driven
by 5B-8 in vitro and in vivo (Figures 4; S5C) plausibly explains
the stronger antibody responses. Although we did not directly
compare ALC-0315 and H9T6 in vitro, previous studies
benchmarking SM-102 against ALC-0315, together with our
SM-102 versus H9T6 data, suggest broadly similar antigen
expression,86−89 a hypothesis that warrants head-to-head
testing. These indirect observations are consistent with ALC-
0315 and H9T6 mediating comparable antigen expression,
although this inference requires confirmation in a direct
comparison. Accordingly, the enhancement in antibody
responses is most consistent with 5′ UTR optimization rather
than lipid identity.
For T-cell responses, both the lipid and the UTR

contributed: at equal dose, H9T6/5B-8 elicited significantly
higher IFN-γ−producing cell frequencies than ALC-0315/5B-
8 (lipid effect with UTR held constant), and H9T6/5B-8 was
significantly higher than H9T6/BioNTech (UTR effect with
lipid held constant) (Figure 5D,E). H9T6 LNPs showed

greater accumulation in dLNs (Figure 6B−D), consistent with
albumin-mediated transport and enhanced endosomal escape
that increase dendritic-cell access and antigen expression. In
vivo, H9T6 increased DC surface CD80 and CD86 (Figure
7A,B), enhancing DC activation. Together, these results
support a mechanism in which H9T6 improves lymph node
targeting and promotes engagement and activation of antigen-
presenting cells, thereby amplifying cellular immunity (Figure
7D−I). The data indicate complementary roles: UTR
configuration, exemplified by 5B-8, primarily increases antigen
expression and enhances humoral responses, whereas H9T6
promotes lymphatic targeting and dendritic cell activation,
strengthening T-cell responses. These findings support
combinatorial designs that balance humoral and cellular
immunity in mRNA-LNP vaccination.
Safety remains a critical concern for mRNA vaccines,

particularly as they expand into broader populations. Although
BNT162b2 and mRNA-1273 have shown favorable safety
profiles, comprehensive long-term toxicity data are limited. In
our study, repeated-dose toxicity evaluations in rats demon-
strated that H9T6/5B-8 elicited minimal, reversible effects at
doses up to 100 μg, comparable to approved mRNA
vaccines.90,91 Transient hematologic and inflammatory changes
were consistent with local injection-site inflammation and
aligned with previous preclinical observations.92

In the context of the favorable safety profile observed for
H9T6/5B-8, direct head-to-head benchmarking against clin-
ical-grade BNT162b2 or mRNA-1273 is limited by proprietary
lipid compositions and manufacturing parameters, which
preclude controlled preclinical comparisons using identical
materials. To approximate a clinically validated LNP chemistry
within a controlled workflow, we therefore included a
surrogate benchmark formulated with the clinically validated
ionizable lipid ALC-0315 and a BioNTech-reported mRNA
sequence, prepared under standardized quality control and
processed using the same formulation workflow as H9T6.
Within this framework, H9T6/5B-8 increased iLN accumu-
lation by 2.82-fold relative to the ALC-0315 comparator and
by 2.14-fold relative to the ALC-0315/5B-8 formulation, and
augmented Th1-skewed cellular immune responses (Table
S11).
Published wild-type C57BL/6 data sets describing cellular

immunity elicited by BNT162b2 remain limited and
heterogeneous with respect to assay platform and tissue
analyzed; however, one C57BL/6 study using intramuscular
BNT162b2 immunization (5 μg prime and boost) reported a
median of approximately 10% spike-specific MHC class I
tetramer-positive CD8+ T cells in the lung at day 42, together
with robust cytokine production by spike-specific CD8+ T
cells. Although the immunization route, tissues examined, and
readouts differ from our dLN intracellular cytokine staining
and splenic ELISpot assays, these published data provide
qualitative context for the magnitude of cellular immunity
observed in the present study.93−97

■ CONCLUSIONS
In summary, we present an integrated mRNA vaccine
optimization strategy that couples rational lipid design, LNP
formulation engineering, and coordinated UTR tuning to
achieve enhanced translation, targeted delivery, robust
immunogenicity, and a favorable safety profile. The H9T6/
5B-8 platform illustrates how codesign of lipid chemistry, LNP
formulation, and regulatory RNA elements can enable low-
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dose, high-efficacy mRNA vaccines for both infectious and
noninfectious indications.

■ METHODS/EXPERIMENTAL

General Materials
Reagents and solvents were purchased from commercial vendors and
used without further purification. SM-102 was purchased from
BroadPharm. Cholesterol, 1,2-distearoyl-sn-glycero-3-phosphocholine
(DSPC), 1,2-dioleoyl-sn-glycero-3-phospho-ethanolamine (DOPE),
1,2-di(9Z-octadecenoyl)-sn-glycero-3-phosphocholine (DOPC), 1,2-
dioleoyl-sn-glycero-3-phosphoglycerol (DOPG), and 1,2-dimyristoyl-
rac-glycero-3-methoxy-polyethylene glycol-2000 (DMG-PEG2000)
were purchased from Avanti Polar Lipids. Pur-A-Lyzer dialysis
cassette with 6 kDa MWCO (PURN60030), 50 kDa Amicon Ultra
centrifugal filters (UFC9050), 4-dimethylaminopyridine (DMAP),
octanoic acid, myristic acid, anhydrous dichloromethane, and ethanol
were purchased from Sigma-Aldrich. 1-Ethyl-3-(3-(dimethylamino)-
propyl)-carbodiimide hydrochloride (EDC·HCl), decanoic acid,
lauric acid, (R)-(+)-glycidol, and (S)-(−)-glycidol were purchased
from Tokyo Chemical Industry Co. QuantiT RiboGreen assay reagent
and TE buffer (20X) were purchased from Thermo Fischer Scientific.
Luciferase cell lysis buffer (5X) and Luciferase assay reagent were
purchased from Promega.
Cell Lines and Culture
The human nasal septum cell line RPMI 2650 (ATCC), primary
human nasal epithelial cell line HNEpC (PromoCell), mouse
myoblast cell line C2C12 (ATCC), and mouse dendritic cell line
DC2.4 (ATCC) were incubated under standard conditions in 5%
CO2, 37 °C. RPMI 2650 cells were cultured in Gibco advanced mem
with L-glutamine (Thermo Fisher Scientific) supplemented with 10.4
mL of Glutamax (Thermo Fisher Scientific), and HNEpC cells were
cultured in Airway Epithelial Cell Growth Medium (Merck) and 13
mL of FBS (Welgene). DC2.4 cells were cultured in RPMI-1640 with
L-glutamine (Welgene) supplemented with 10% FBS and 2% 1 mM
Mercaptoethanol. C2C12 cells were cultured in DMEM with L-
glutamine (Welgene) supplemented with 10% FBS.
Plasmid Constructs
Constructs were based on pUC-GW-Amp (Cosmogenetech)
containing T7 promoter-Pfizer/BioNTech 5′ UTR-reporter-Pfizer/
BioNTech 3′ UTR-poly(A). Fluc was used in all experiments except
the 3′ UTR half-life screen (Figure 4B,C), which used NlucP. For
vaccination studies, the coding sequence was the full-length SARS-
CoV-2 spike, identical to that of BNT162b2. The coding sequence
was identical across all constructs (no changes in codon usage/GC
content), ensuring that observed effects arise from lipid and UTR
differences.
In Vitro Transcription (IVT)
Plasmids were linearized with BsmBI (NEB) and purified using the
QIAquick PCR Purification Kit (Qiagen) according to the
manufacturer’s instructions. Linearized plasmids served as templates
for IVT.
For in vitro studies, mRNA was synthesized using the HiScribe T7

Quick High-Yield RNA Synthesis Kit (NEB) with 500 ng of template
DNA in reactions containing T7 polymerase, dithiothreitol (DTT),
the kit’s NTP mix (ATP/CTP/GTP/UTP), and CleanCap AG
(TriLink BioTechnologies). Reactions were incubated at 37 °C for 4
h. As exceptions, m1Ψ-modified mRNA was used in Figures 1F and
4A.
For in vivo studies, IVT used the same kit with m1ΨTP (TriLink)

in place of UTP (ATP/CTP/GTP + m1ΨTP) and CleanCap AG;
reactions were incubated at 37 °C for 4 h.
DNA templates were removed with DNase I (1 μL, 15 min, 37

°C), and mRNA was purified using the MEGAclear Transcription
Clean-Up Kit (Thermo Fisher Scientific). Transcript size was verified
by agarose gel electrophoresis with an RNA ladder (NEB), and
concentration/purity were measured by NanoDrop spectrophotom-
etry.

In Vitro Transfection
DC2.4 cells (6 × 103 per well) and C2C12 cells (5 × 103 per well)
were plated in a white 96-well plate (100 μL medium per well) in
triplicate and incubated at 37 °C for 24 h. For in vitro transfection,
Lipofectamine MessengerMAX (Thermo Fisher Scientific) was used
according to the manufacturer’s instructions. Per well, Lipofectamine
MessengerMAX (0.225 μL) was diluted in Opti-MEM (5 μL), and
mRNA was diluted separately in Opti-MEM (5 μL); the solutions
were combined to form complexes, added to the cells, and incubated
at 37 °C. After removing the medium, wells were washed twice with
PBS and lysed with luciferase cell culture lysis reagent for 3 min at
room temperature. Luminescence was measured using the Nano-Glo
Luciferase Assay System (Promega) for NlucP and the Luciferase
Assay System (Promega) for Fluc on a Tecan Infinite plate reader.

Synthesis and Primary Screen of Ionizable Lipids (Figure
1)

Synthesis of Ionizable Lipids. Ionizable lipids were prepared by
a general two-step procedure. First, (R/S)-glycidyl fatty-acid tails were
synthesized; full reagent quantities, workup, and NMR data are
provided in the Supporting Information. Second, the desired amine
core (1.0 equiv) was coupled with the glycidyl tails (0.95 × N equiv,
where N = number of secondary amines + 2 × number of primary
amines) in ethanol, 85 °C, 72 h. Solvent was removed under reduced
pressure, and the crude product was redissolved in ethanol and used
directly for library screening without purification.
For in vivo studies, H9T6 (S-configuration) was purified using

MPLC (CH2Cl2/MeOH = 10:1). Lipid characterization summary:
LC−MS and HPLC analyses confirmed the expected mass
distribution, with H9T6 being predominantly four-tailed and minor
LC−MS signals suggestive of higher-tailed molecular weights (Figure
S1). Complete synthetic procedures, chromatographic conditions, and
characterization data (1H NMR, LC−MS traces, HPLC analysis) are
reported in the SI.

LNP Preparation for Primary In Vitro Screens and In Vivo
Validation. For in vitro primary screens, LNPs were prepared by
pipet mixing using an aqueous:alcoholic lipid ratio of 3:1 (v/v) (citric
acid:ethanolic lipid). For in vivo validation, LNPs were formulated on
a NanoAssemblr Ignite (Cytiva). Final LNP compositions (mol %)
and N/P ratios were: ionizable lipid/DOPE/cholesterol/PEG = 35/
16/46.5/2.5 (N/P = 10); SM-102/DSPC/cholesterol/PEG = 50/10/
38.5/1.5 (N/P = 6); and H9T6/DOPG/cholesterol/PEG = 40/16/
43.5/0.5 (N/P = 7). Full formulations are listed in Table S1.

In Vitro Luciferase Readout (Primary Screen). DC2.4 (6 × 103
cells/well) or C2C12 (5 × 103 cells/well) cells were seeded in white
96-well plates (100 μL/well). Cells were dosed with LNP-mRNA (5
ng/μL mRNA in PBS; 100 μL/well) and incubated for 24 h. After
two PBS washes, cells were lysed in Promega lysis buffer (3 min, room
temperature), and Fluc activity was measured with the Promega
Luciferase Assay System on a Tecan Infinite plate reader. Replicates: n
= 3 wells per condition.

In Vivo Bioluminescence Validation. C57BL/6 mice (n = 3/
group) received a single intramuscular injection into the thigh of
either PBS (vehicle control) or NanoAssemblr Ignite−formulated
SM-102 or H9T6 LNPs encapsulating BioNTech FLuc mRNA (m1Ψ;
5 μg). At 6 h postdose, mice were anesthetized, administered D-
luciferin (150 mg/kg, i.p.), and imaged on an IVIS Spectrum. Whole-
body photon flux (photons/s) was quantified in Living Image and
reported as log10(total flux).

LNP Formulation Optimization (DoE) and Characterization
(Figure 2)

LNP Formulation. LNPs were prepared by pipette mixing or
NanoAssemblr Ignite (Cytiva). Component molar percentages
followed the screening designs in Figure 2 and Table S1: ionizable
lipid at 25−40 mol %; helper phospholipid at 16 mol % (DSPC,
DOPE, DOPC, or DOPG as indicated); PEG at 0.5−2.0 mol %;
cholesterol comprising the balance; and N/P = 6−9 (default = 7; w/w
≈ 10). Lipids were dissolved in ethanol and mRNA in 50 mM citrate
(pH 4.0); solutions were combined at a 3:1 (aqueous:ethanol)
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volume ratio. For pipette mixing, the mRNA solution was added to
the lipid solution and mixed by pipetting and vortexing. For
NanoAssemblr mixing, the two solutions were combined at 12 mL/
min. Formulations were incubated 30 min at room temperature,
dialyzed into PBS (Pur-A-Lyzer, 6 kDa MWCO, overnight),
concentrated (Amicon Ultra 50 kDa, 4000 rpm, 30 min), stored at
4 °C for ≤1 week, and used for characterization/transfection.

Optimization of LNP Formulation. DoE and fractional factorial
design strategy were adopted to optimize the LNP formulation
conditions. At the first screening (Figure 2A,B), the DoE strategy with
1 four-level qualitative factor (DSPC/DOPE/DOPC/DOPG) and 3
four-level quantitative factors Ionizable lipid% (25/30/35/40 mol %),
PEG% (0.5/1.0/1.5/2.0 mol %), and N/P ratio (6/7/8/9) was
employed to determine the significant factors. At the second screening
(Figure 2C,D), 27 fractional factorial designed strategies with 1 three-
level qualitative factor (DOPE/DOPC/DOPG) and 2 three-level
quantitative factors (PEG 0.5/1.0/2.0 mol %, and N/P (6/8/9)) were
used to maximize the delivery performance of LNP.

LNP Characterization. Size and PDI were measured by DLS
(Malvern Zetasizer) after 1:100 dilution in PBS, pH 7.4 (triplicate).
mRNA concentration and EE% were determined by RiboGreen using
paired samples ±2% Triton X-100. Standard curves (0.0625−1.0 μg/
mL) were prepared in TE. EE% = (encapsulated/total) × 100.
In Vitro Cell Viability Assay. DC2.4 (6 × 103 cells per well) and

C2C12 (5 × 103 cells per well) were seeded into clear-bottom 96-well
plates (100 μL per well) and cultured overnight. Cells were treated
with LNP−mRNA (5 ng μL−1 mRNA in PBS; 100 μL per well) and
incubated for 24 h. Viability was measured with EZ-Cytox (20 μL per
well; DogenBio, EZ-1000) following the manufacturer’s protocol,
incubating at 37 °C for 30 min. Absorbance was recorded on a Tecan
Infinite plate reader under WST conditions at 450 nm. Viability was
normalized to PBS-treated controls. Replicates: n = 3 wells per
condition.
In Vivo Bioluminescence for Formulation Ranking. Female

C57BL/6 (5−6 weeks, 18−22 g; Orient Bio) received intramuscular
injections of FLuc mRNA−LNPs into the thigh (5 μg in 50 μL). At 6
h (and 24 h when specified), mice were anesthetized with isoflurane
and injected i.p. with D-luciferin (3 mg in 200 μL). After 15 min, the
whole body of the mice was imaged on IVIS (PerkinElmer).
Quantification: Living Image 4.5; statistics, one-way ANOVA with
Dunnett’s test.
Endosomal Escape Assay (Figure 3)
DC2.4 cells were seeded into 35 mm glass-bottom dishes for 24 h (1
× 10∧6 cells per well) and then treated with DiD-labeled LNPs at an
mRNA concentration of 500 ng mL−1 for 4 h. Cells were sequentially
stained with LysoTracker Green (50 nM) for 30 min and Hoechst
33342 (10 μg mL−1) for 5 min. Images were taken immediately using
a confocal laser scanning microscope (LSM 710, Zeiss).
UTR Library Construction, Screens, and NGS (Figure 4)

Construction of the 3′ UTR Randomized Library. A 108-nt
randomized sequence flanked by XhoI and NheI sites and carrying a
fixed Illumina barcode (GAGGGTACTT) was synthesized as a
pooled DNA template (IDT). The pool was PCR-amplified with Taq
polymerase (EzPCR Master Mix, ELPISbio) using a reverse primer
that appends the barcode and NheI site (5′-GAGGGTACTTGC-
TAGCG-3′). The amplified insert and the recipient vector, pUC-GW-
Amp containing the Pfizer/BioNTech 5′ UTR, the eGFP coding
sequence, and a poly(A) tail, were digested with XhoI and NheI and
ligated to generate the 3′ UTR library.

3′ UTR Half-Life Screen. IVT mRNA from the 3′ UTR library
was formulated into SM-102 LNPs using NanoAssemblr Spark
(Cytiva) per the manufacturer’s instructions and transfected into
HNEpC cells. Cells were harvested at 0, 1, 2, 4, and 8 h post-
transfection in RLT buffer (350 μL). Total RNA was extracted
(RNeasy Mini Kit, Qiagen) and subjected to NGS (Illumina MiSeq
300PE platform) to quantify time-dependent mRNA decay (Figure
4A).

RNA-Seq Quantification and Half-Life Estimation.59 Raw
reads were processed as follows. Reads were trimmed with

trim_galore (v0.6.1), removing bases with Phred quality < 20 and
reads shorter than 110 bp. Paired-end reads were overlap-merged to
single reads with BBMerge (v38.90). A custom Python script retained
reads containing both primer sequences and the expected 108 bp
insert. Sequences were clustered with CD-HIT (v4.8.1). Counts per
variant were normalized to library size as counts per million (CPM).
Before half-life estimation, variants were retained only if counts

were nonzero at all time points (allowing 8 h to be zero) and if CPM
at 8 h did not exceed CPM at 0 h.
Assuming first-order decay, we fit the base-2 linear model:
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For each variant, k was estimated by ordinary least-squares
regression of yt = log2(CPMt/CPM0) on time t with the intercept
fixed at 0; time points with zero CPM were omitted. Half-life was then
computed as
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As a robustness check, interval half-lives were also computed from
all valid time-point pairs among 0, 1, 2, 4, and 8 h; the consensus half-
life reported for each variant was the median of the regression-based
estimate together with the available interval estimates, reducing
sensitivity to noise in any single window (Figure 4B,C).

Construction of the 5′ UTR Randomized Library. A DNA
template was synthesized comprising the T7 promoter, a 25-nt leader
beginning with a 5′-AG dinucleotide compatible with CleanCap AG,
and a 69-nt randomized region. The template was PCR-amplified with
Taq DNA polymerase using a reverse primer (5′-ACCATGTCTT-
CACACT-3′). The amplicon was digested with XbaI and NcoI and
ligated into a pUC-GW-Amp backbone containing the eGFP coding
sequence and the Moderna mRNA backbone elements (3′ UTR and
poly(A) tail), yielding the 5′ UTR randomized library upstream of the
eGFP start codon.

5′ UTR Polysome Profiling. Polysome fractionation was
performed as described.66,98 RPMI-2650 cells were treated with 5′
UTR library mRNA encapsulated in SM-102 LNPs, formulated on a
NanoAssemblr Spark. Cycloheximide (100 μg/mL) was then added.
Cells were collected in DPBS containing cycloheximide and pelleted
(2000g, 10 min, 4 °C). Pellets were lysed in polysome extraction
buffer (PEB) (20 mM Tris-HCl, pH 7.5, 100 mM KCl, 5 mM MgCl2,
0.3% NP-40) supplemented with cycloheximide, protease, and
phosphatase inhibitors, and incubated on ice for 10 min. Lysates
were layered onto 10−50% sucrose gradients and centrifuged (32,000
rpm, 4 h, 4 °C, Beckman SW-41 Ti rotor). RNA from polysome
fractions was extracted and analyzed by NGS (Illumina MiSeq 300PE
platform).

NGS Data Processing and Quantification. Raw paired-end
reads were processed through a defined bioinformatics pipeline. First,
reads were trimmed using trim_galore (v0.6.1), where bases with a
Phred Quality Score below 20 were trimmed, and any read shorter
than 50 bp was discarded. Paired-end reads were then merged into
single reads using BBMerge (v38.90). A custom Python script was
used to filter for reads that contained both primer sequences and had
a target insert length of 65−69 bp. These filtered 5′ UTR sequences
were then clustered using CD-HIT (v4.8.1) at 100, 95, and 90%
identity thresholds. Barcode counts for each 5′ UTR cluster were
normalized as counts per million (CPM), adjusting for library size.

Polysome Enrichment Scoring and Candidate Selection
(Initial Screening). Variants with zero counts in any pool were
excluded. For each sequence, polysome enrichment was calculated as
the ratio of normalized counts (CPM) in the polysome pool to those
in the monosome pool (Fe_polysome/Fe_monosome). Candidates
were retained if Fe_polysome/Fe_monosome > 1 and they fell within
a predefined top-performing bin. Enriched sequences were then
filtered using numeric thresholds: GC content < 55% (target ∼ 40−
55%); uridine fraction < 25%, with UA/UU runs ≥ 4 excluded; and
preservation of a Kozak-compatible start context. The presence of
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upstream AUGs, uORFs, or predicted G-quadruplex motifs was
annotated but not used as a strict exclusion criterion, and sequences
exhibiting strong polysome enrichment were retained regardless of
these features. Predicted ribosome loading was also evaluated with
Optimus 5-Prime mean ribosome load (MRL) as a supportive metric.
Sequences meeting the enrichment criterion and all filters were
advanced to sequence refinement.

Sequence Refinement and Engineering (Further Modifica-
tions). Guided by previous reports that longer, highly structured 5′
UTRs reduce translation efficiency, candidates #1 and #5 were
redesigned as follows: (i) constrain length to 50−70 nt; (ii) remove
segments with strong internal complementarity (defined as predicted
stems ≥ 10 bp with local MFE <−15 kcal·mol−1); and (iii) tune the
RNAfold-predicted minimum free energy at 37 °C toward ∼−10 kcal·
mol−1 (acceptable range, −7 to −12) to balance initiation-site
accessibility with structural integrity. This process yielded four
engineered variants (1A, 1B, 5A, 5B), which were cloned into
luciferase reporters and paired with 3′ UTR #2 or #8 for head-to-head
validation.

Secondary Validation of UTRs (Cellular and In Vivo
Expression). Selected 3′ UTRs (#2, #8) were paired with candidate
or engineered 5′ UTRs (1, 5; variants 1A, 1B, 5A, 5B). For in vitro
evaluation, DC2.4 and C2C12 cells seeded in white 96-well plates
(100 μL per well) were transfected with Fluc mRNA using
Lipofectamine MessengerMAX, and luminescence kinetics were
recorded from 6 to 96 h post-transfection. Only the 3′ UTR half-
life screen (Figure 4B,C) used NlucP. For in vivo expression (Figure
4F), C57BL/6 mice received intramuscular thigh injections of ALC-
0315-formulated Fluc mRNA (5 μg in 50 μL), and bioluminescence
was imaged at 6 and 24 h. Statistical comparisons used one-way
ANOVA with Dunnett’s test (Figure 4D−F).

UTR Sequence Homology Search (BLASTn). Candidate 3′
UTRs (#1−#9) and 5′ UTRs (#1−#8; 1A, 1B, 5A, 5B) were queried
with BLASTn (NCBI v2.13) against RefSeq RNA for Homo sapiens
(taxid:9606) and Viruses (taxid:10239). Default settings were used
unless noted; Low complexity regions filtering was enabled with Mask
for lookup table only (soft masking). No sequences met this threshold
in either database. Database versions, full parameters, and hit tables
are provided in Tables S2, S3.

Mouse Immunizations and Humoral/Cellular Readouts
(Figure 5)

Immunization Schedule. Seven-to-eight-week-old C57BL/6
female mice were purchased from KOATECH and housed in a
specific pathogen-free facility at KRIBB. Mice (n = 8) received two
i.m. immunizations at three-week intervals, each receiving 1.0 μg of
the mRNA vaccine. Blood samples were collected at weeks 3 and 5 to
analyze the humoral response. At week 5, the mice were euthanized,
and the spleens were harvested for the ELISPOT assay.

Enzyme-Linked Immunosorbent Assay (ELISA). ELISA plates
(Thermo Fisher) were coated with recombinant SARS-CoV-2 spike
protein and incubated overnight at 4 °C. The plates were then
blocked using 10% skim milk. After washing, the plates were
incubated with 5-fold serial dilutions of mouse sera, starting at a 1:100
dilution, for 2 h at 37 °C and an HRP-conjugated antimouse IgG
secondary antibody (Cell Signaling). After an additional wash,
3,3′,5,5′-tetramethylbenzidine (TMB) substrate (BD Bioscience)
was applied to each well, and the addition of H2SO4 halted color
development. Optical density was measured at 450 nm using a
SpectraMax 190 Microplate Reader (Molecular Devices).

ELISPOT Assay. The frequency of SARS-CoV-2 spike-specific
IFN-γ-producing T cells was assessed using a mouse IFN-γ ELISPOT
kit (BD Bioscience) according to the manufacturer’s protocol. In
brief, plates were coated with IFN-γ capture antibody. 5 × 105
splenocytes were incubated with a 10 μg/mL of SARS-CoV-2 spike
peptide pool (Miltenyi Biotech) for 20 h. Plates were then
sequentially treated with a biotinylated IFN-γ detection antibody
and HRP-conjugated streptavidin. After washing, spots were
developed using a 3-amino-9-ethyl-carbazole (AEC) substrate and
quantified with a BioSpot analyzer (Cellular Technology).

Lymph Node Targeting by LNPs (IVIS Cy5 Imaging) (Figure
6)

Lymph Node Targeting. The ability of nanoparticles to target
lymph nodes in vivo was assessed using IVIS imaging. Six-week-old
C57BL/6 mice were subcutaneously injected at the base of the tail
with Cy5-labeled (0.1 wt %) mRNA-LNP vaccines, including ALC-
0315/BioNTech, H9T6/BioNTech, ALC-0315/5B-8, or H9T6/5B-8,
at a dose of 0.25 mg/kg mRNA. After 24 h, the mice were sacrificed,
and their iLNs were collected for fluorescence imaging.
An IVIS Spectrum In Vivo Imaging System was used to monitor

lymph node fluorescence. The IVIS scan was conducted using the
PerkinElmer Lumina III system, and images were captured in the Cy5
fluorescence channel. The scan was performed in autoexposure mode
to ensure optimal image quality. Quantifying fluorescence intensity in
the iLNs was performed using LivingImage 4.5 software, with the auto
region of interest (ROI) function used to standardize and measure the
fluorescence signal across samples.

Albumin-Binding Mechanism Exploring. DC2.4 cells were
seeded in 6-well plates at 1 × 106 cells/well (RPMI-1640, 1%
penicillin−streptomycin) and cultured overnight at 37 °C, 5% CO2.
Cells were dosed with 1 μg/well LNP−mRNA encoding full-length
SARS-CoV-2 Spike (either the BioNTech reference sequence or our
5B-8-optimized sequence; noted in figure labels). LNPs were H9T6/
5B-8 or ALC-0315/BioNTech formulations. Transfections were
performed for 6 h in (i) serum-free RPMI, or (ii) serum-free RPMI
supplemented with a single purified protein at the indicated level (e.g.,
BSA 4% w/v, fatty-acid-free, Sigma A8806; other proteins as figure);
or (iii) RPMI + 10% FBS with/without function-blocking antibodies
(e.g., anti-FcRn, gp60, gp18, megalin, cubilin, SPARC, CD36; 10 μg/
mL; isotype controls included). After 6 h, the medium was replaced
with protein-free RPMI or complete RPMI (as indicated), and the
cells were cultured for 18 h (total 24 h). Cells were harvested, fixed/
permeabilized with BD Cytofix/Cytoperm (BD 554722) per
manufacturer’s protocol, then stained intracellularly with rabbit anti-
Spike S2 (Abcam ab284041, clone EPR25038-122, 1:500) followed
by goat antirabbit IgG-AF488 (Thermo A-11034, 1:1000) for 30 min
at 4 °C. Data were acquired on a BD LSRFortessa and analyzed in
FlowJo.

Immune-Cell Profiling and Cytokines by Flow Cytometry
(Figure 7)

Tissue Processing. At 24 h after subcutaneous tail-base injection
of mRNA-LNPs (0.25 mg/kg mRNA per mouse), two iLNs and
spleens were harvested. iLNs were gently dissociated with sterile
pestles in 0.1 mL complete RPMI in 1.5 mL tubes. Spleens were cut
into ∼3 mm3 and digested (type IV collagenase 1 mg/mL, RNase 50
U/mL, DNase I 50 U/mL) at 37 °C for 40 min. Cell suspensions
were filtered (40 μm) into complete RPMI, centrifuged (300g, 5
min), RBC-lysed with ACK (5 min), washed twice with RPMI, and
counted. For flow, 2 × 106 cells/sample were Fc-blocked (antimouse
CD16/32, 20 min, 4 °C), washed twice with FACS buffer (1% BSA/
PBS), stained with Viability Dye eFluor 780, fixed in 1%
paraformaldehyde (PFA), and permeabilized with Cytofix/Cytoperm
per manufacturer.

Dendritic Cells (Day 1). After Fc-block, cells were stained: APC-
antimouse CD11c (DC ID), FITC-antimouse CD80, and PE-
antimouse CD86 (activation). Washed twice in FACS buffer, fixed
(1% PFA), and acquired.

T Cells (Day 21). Splenocytes (RBC-lysed) were plated at 2 × 106
and stimulated for 6 h at 37 °C with overlapping SARS-CoV-2 RBD
peptide pool plus anti-CD28; brefeldin A and monensin were added
after 1 h. Surface: AF700-antimouse CD3, BV421-antimouse CD4,
BV650-antimouse CD8. Intracellular: BV510-antimouse TNF-α,
BV605-antimouse IFN-γ, PE/Cy7-antimouse IL-2. Washed, fixed
(1% PFA), and analyzed.Memory B cells (day 21): After Fc-block (20
min), cells were stained with BV421-antimouse CD19 (total B), PE/
Cy7-antimouse GL-7 (GC B), AF700-antimouse CD38 (memory B),
plus BV650-antimouse CD80 and PE-antimouse PD-L2 for memory
B-cell phenotyping.
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Acquisition/Analysis. Samples were run on a BD FACSymphony
A5 SE Cell Analyzer; data were processed in FlowJo with gating for
DCs, T cells, and memory B cells. Intracellular staining with Cytofix/
Cytoperm; protein-transport inhibition for ICS (brefeldin A/
monensin); fixable viability dye (eFluor 780); instrument per BD
FACSymphony A5 SE specs.
Repeat-Dose Toxicity in Rats (Figure 8)

Toxicity Study of mRNA Vaccine Candidates in Rats. Five-
week-old male and female Sprague−Dawley rats were purchased from
Orient Bio and housed in an environmentally controlled animal room.
After 2 weeks of acclimatization, all rats were randomly divided into 8
groups based on body weight (Table S4). Rats were administered i.m.
injections once a week for 2 doses (Figure 8A). They were
administered at doses of 1, 10, and 100 μg mRNA-LNP/head (200
μL/site) into the right and left quadriceps femoris. These dosages are
the mass of mRNA administered. Control animals received the same
volume of PBS in the same way as described above. Clinical
observation was conducted once or twice a day. Body weights were
measured twice a week, and food consumption was measured on days
1, 8, 11, and 19. Before necropsy, rats were fasted and housed in
metabolism cages to allow urine collection for approximately 16 h.
Four days (male) or 5 days (female) after the last dose, a subset of
animals was euthanized with an overdose of isoflurane and followed
by blood collection for hematology, coagulation, and serum chemistry
tests. The remaining rats were euthanized after a 2-week recovery
(day 22).

Histological Examination. At necropsy, tissues listed in Table S5
were removed and weighed. The collected tissues were fixed with 10%
neutral buffered formalin except for the eyes and testis, which were
fixed in Davidson’s and Bouin’s solutions, respectively. The tissues
were paraffin-embedded, sliced into 1 μm thickness, and stained with
hematoxylin and eosin (H&E). The slides were examined by a
toxicological pathologist based on the International Harmonization of
Nomenclature and Diagnostic Criteria for Lesions.99

Hematology, Coagulation, Clinical Chemistry, and Urinal-
ysis. Before necropsy, rats were fasted for approximately 16 h. Each
parameter evaluated was listed in Table S6−9. Hematology,
coagulation, clinical chemistry, and urinalysis were assessed using an
ADVIA2120i hematology analyzer (Siemens), an ACL Elite Pro
coagulation analyzer (Instrumentation Laboratory), a Toshiba 200FR
NEO chemistry analyzer (Toshiba Co), and a Cobas U411 urine
analyzer (Roche) and Combur 10 TM urine sticks (Roche),
respectively. Urine sediments, including urine casts, epithelial cells,
and white and red blood cells, were examined using microscopy.
GraphPad Prism version 8.0.1 was used for the statistical analyses
indicated in the figure legends. Significant differences are indicated as
*p < 0.05, **p < 0.01.
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