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Significance

Antigen-specific antibody 
responses alone are insufficient 
to combat viruses that are 
constantly evolving. Currently, 
there is a great need for a broadly 
protective vaccine that induces 
robust humoral and cell-
mediated immune responses. 
Herein, we developed two 
superior mRNA vaccines, 
TU88mCSA and ALCmCSA, using 
early SARS-CoV-2 spike sequence, 
optimized untranslated region 
(Ces1d and AP3B1), and advanced 
LNP formulations that effectively 
induce humoral immune 
response and activate stronger 
CD4+ and CD8+ T cell responses in 
spleen and lung as compared to 
existing SARS-CoV-2 spike mRNA 
construct. Notably, TU88mCSA 
and ALCmCSA induced robust 
control of BQ.1 infection in the 
upper respiratory airways. Our 
platform could be readily applied 
to future mRNA vaccine 
development for timely 
deployment in the face of rapid 
viral mutations.
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The emergence of highly transmissible severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) variants of concern (VOCs) that are resistant to the current COVID-19 
vaccines highlights the need for continued development of broadly protective vaccines for 
the future. Here, we developed two messenger RNA (mRNA)-lipid nanoparticle (LNP) 
vaccines, TU88mCSA and ALCmCSA, using the ancestral SARS-CoV-2 spike sequence, 
optimized 5′ and 3′ untranslated regions (UTRs), and LNP combinations. Our data 
showed that these nanocomplexes effectively activate CD4+ and CD8+ T cell responses 
and humoral immune response and provide complete protection against WA1/2020, 
Omicron BA.1 and BQ.1 infection in hamsters. Critically, in Omicron BQ.1 challenge 
hamster models, TU88mCSA and ALCmCSA not only induced robust control of virus 
load in the lungs but also enhanced protective efficacy in the upper respiratory airways. 
Antigen-specific immune analysis in mice revealed that the observed cross-protection 
is associated with superior UTRs [Carboxylesterase 1d (Ces1d)/adaptor protein-3β 
(AP3B1)] and LNP formulations that elicit robust lung tissue-resident memory T cells. 
Strong protective effects of TU88mCSA or ALCmCSA against both WA1/2020 and 
VOCs suggest that this mRNA-LNP combination can be a broadly protective vaccine 
platform in which mRNA cargo uses the ancestral antigen sequence regardless of the 
antigenic drift. This approach could be rapidly adapted for clinical use and timely 
deployment of vaccines against emerging and reemerging VOCs.

untranslated region | lipid nanoparticle | mRNA vaccine | lung tissue-resident memory T cells

Waning vaccine-induced immunity against SARS-CoV-2 and the emergence of the highly 
contagious Omicron (B.1.1.529) variants prompted the development of new vaccine 
formulations and additional booster doses (1–4). Two years after the initial SARS-CoV-2 
(WA1/2020 or Wuhan-Hu-1) first swept the globe, Omicron BA.1 became the dominant 
variant of concern (VOC) in November 2021. Omicron BA.1 and other subvariants 
(BA.2, BA.4, BA.5, BA.2.75, BA.4.6, and BQ.1) fueled record COVID-19 cases and have 
demonstrated substantial escape from neutralizing antibodies induced by the first-generation 
of SARS-CoV-2 mRNA vaccines, such as BNT162b2 (Pfizer-BioNTech) and mRNA-1273 
(Moderna) (2, 5–9). To this end, several groups have developed Omicron-Spike (S) specific 
vaccines or evaluated third-dose booster vaccinations (10–15). In Fall 2022, updated 
bivalent vaccines against WA1/2020 and Omicron BA.4/BA.5 developed by Pfizer/
BioNTech and Moderna were authorized by the FDA. However, these booster immuni-
zations did not show remarkably distinct reactogenicity profile from the initial vaccines 
(13, 16). On the other hand, bivalent SARS-CoV-2 vaccines use both original and 
Omicron variant S mRNA (mS) with two prolines substitution at residues K986 and 
V987 (hereafter denoted as “mSpp”). These tailor-made vaccines are difficult to mass-produce 
in an expeditious manner and in the face of continuous viral mutations. These constrains 
make it difficult to develop effective vaccines against VOCs for rapid deployment. To 
address these concerns, a next-generation vaccine with original mS coding sequence (CDS) 
that can concurrently recognize both Omicron (B.1.1.529) subvariants and ancestral 
SARS-CoV-2 (WA1/2020) are yet to emerge (13). As Omicron BQ.1, BQ.1.1, XBB.1.1, 
and BA.2.86 become the next dominant VOCs (17, 18), original sequence-based 
approaches to mRNA vaccine are imperative to be developed. In this study, we present 
optimized monovalent mRNA vaccine candidates that provide substantial protection 
against WA1/2020, Omicron BA.1, and BQ.1, using only the mSpp CDS.

Although recent neutralizing antibody mapping and molecular modeling studies have 
confirmed that individuals vaccinated with two doses of mRNA-S (BNT162b2) 
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demonstrate poor neutralizing activity against VOCs, such as 
Omicron BA.1 and BQ.1 (19–21), most antigen MHC class I 
restricted T cell epitopes from Omicron S protein were not yet 
affected at the amino acid sequence level (20, 22). As a second 
layer of defense, polyepitopic T cell responses play a vital role in 
recognition of the Omicron S glycoprotein. Of BNT162b2- 
induced CD8+ T cell response, the risk of immune evasion by 
Omicron BA.1 was evaluated and the Immune Epitope Database 
(IEDB) indicated that targets of most T cell responses remain 
conserved in the Omicron variant and remain capable of detect-
ing Omicron S glycoprotein epitopes (20). Based on these prop-
erties, a SARS-CoV-2 vaccine with broad spectrum protection 
against both Omicron subvariants and ancestral strain can be 
achieved by significantly enhancing mRNA translatability, effi-
cient in vivo delivery, and immune cell response.

To augment the translatability of antigen mRNA, structural 
elements, including the 5′ cap, 5′ and 3′ untranslated region 
(UTRs), antigen-CDS, and polyadenylated tail (Poly An) can be 
modified. Among these components, the 5′UTR and 3′UTR are 
unique regulators of mRNA expression (23–25). Multiple regu-
latory elements within the UTRs are critical for the stability and 
translation of mRNA into proteins. Moreover, the secondary 
structure of UTRs within mRNA profoundly influences the sta-
bility of mRNA and is associated with certain human diseases. 
Thus, 5′UTR and 3′UTR selection is critically important to anti-
gen yield and vaccine efficacy. Recent progress in massive parallel 
oligonucleotide synthesis and sequencing provides opportunities 
for mRNA UTR optimization either from endogenous genes or 
de novo design approaches (26–29). Over thousands of human 
genes have been fine mapped and screened for UTR effectiveness 
using reporter genes (25–27). By mining these data, a range of 
genes with the high ribosome reads were selected to constitute a 
UTR library in this study.

In addition to UTR modulation, biodegradable lipid nanopar-
ticles (LNPs) also play a vital role in mRNA vaccine performance 
by protecting mRNA from degradation en route to target organs 
in vivo. Currently, leading ionizable lipids, including ALC-0315 
and SM-102, exhibit high transfection effects of long-chain 
mRNA in immune cells in vivo and were used in the development 
of COVID-19 mRNA vaccines (22, 30, 31). SM-102 has been 
optimized by Moderna for intramuscular (I.M.) vaccination, nota-
bly in its SARS-CoV-2 vaccine (mRNA-1273) (31–33). 
ALC-0315 from Acuitas has been used in Pfizer-BioNTech 
SARS-CoV-2 vaccine (BNT162b) (22, 32, 34). Vaccine from 
CureVac (CVnCoV) and University College London (LNP-nCoV 
saRNA-2) also selected ALC-0315 as vehicle, although the exact 
lipid formulation remains to be disclosed (35). Of these LNPs, 
Acuitas-ALC-0315 is one of the most representative LNPs and 
highly potent in liver and lymph node (LN) transfection, but its 
spleen transfection efficiency is yet to be investigated. Our group 
has previously developed high-performance LNP formulations for 
immune cell-targeting mRNA delivery, such as 113O12B, 
93-O17S, and 9322-O17S, which specifically deliver mRNAs 
into the LN or spleen, leading to efficient gene recombination in 
CD8+ T lymphocytes (36, 37). In this study, we further optimized 
the LNP delivery system using our synthetic lipid and ALC-0315 
(32) by loading an upgraded version of mRNA cargo.

Using both optimized mRNA UTRs and LNPs with high delivery 
efficiency, we generated two highly potent SARS-CoV-2 vaccine can-
didates, Acuitas-ALC-0315-Ces1d-Spp-AP3B1 mRNA vaccine (des-
ignated as ALCmCSA) and Tufts-LNP88-Ces1d-Spp-AP3B1 mRNA 
vaccine (designated as TU88mCSA) (SI Appendix, Fig. S1 and 
Table S1). ALCmCSA is comprised of Ces1d-Spp-AP3B1 mRNA 
(mCSA, UTR was substituted with Ces1d or AP3B1 gene) and an 

improved ALC-0315 formulation, while the TU88mCSA is com-
posed of mCSA and LNP88 formulation. In mice, we demonstrated 
that both monovalent vaccines (ALCmCSA and TU88mCSA) using 
the ancestral Spp CDS (Wuhan-Hu-1 strain) elicited a more robust 
S-specific antibody (IgG) and T cell response in both circulating and 
respiratory immune compartments compared to those of Spp mRNA 
construct using globin as UTRs (denoted as “mrS”). A robust induc-
tion of S-specific lung-resident T cells was detected in ALCmCSA or 
TU88mCSA vaccinated mice. We performed golden Syrian hamster 
challenge studies with SARS-CoV-2 WA1/2020, Omicron BA.1 and 
BQ.1 to evaluate breadth of protection conferred by TU88mCSA or 
ALCmCSA vaccines. A two-dose of TU88mCSA or ALCmCSA 
vaccine provided complete or near-complete protection against 
WA1/2020, Omicron BA.1, and BQ.1 challenge in hamsters. Notably, 
the lung viral titers in Omicron BA.1 challenge model decreased to 
undetectable levels, and lung viral RNA copies or viral titers in BQ.1 
challenge model were significantly reduced following either 
TU88mCSA or ALCmCSA vaccination. Taken together, our mRNA 
vaccine platform with optimized UTRs and LNP formulations can 
induce broad protection against current SARS-CoV-2 VOCs and 
likely future VOCs.

Results

In Vitro Evaluation of Different 5′UTRs and 3′UTRs in mRNA 
Translation Efficiency. To identify optimal 5′UTRs and 3′UTRs, 
we selected UTRs previously associated with high mRNA 
translatability for in  vitro and in  vivo screening (SI  Appendix, 
Tables S2 and S3) (26, 28). We first inserted four 5′UTR fragments 
into a DNA plasmid (pcDNA3.0-eGFP) and compared their 
expression levels (SI  Appendix, Fig.  S2A). To rapidly assess the 
effect of these 5′UTRs on eGFP expression, HEK293 cells were 
transiently transfected with these modified pcDNA3.0-eGFP 
plasmids, and eGFP protein levels were monitored from 36 h to 
108 h post-transfection. Flow cytometry analysis showed that 70 
nt and Ces1d 5′UTRs yielded higher eGFP expression than other 
UTRs at 60 h and 84 h, respectively, reaching 69.2% and 69.6% 
eGFP+ cells (SI Appendix, Fig. S2B).

Based on the performance of Ces1d and 70 nt 5′UTRs, 
pcDNA3.0-70 nt-eGFP and pcDNA3.0-Ces1d-eGFP were con-
structed with different 3′UTR candidates. We first evaluated a series 
of pcDNA3.0-Ces1d-eGFP-3′UTR constructs in HEK293 cells 
from 48 to 120 h (SI Appendix, Fig. S2C). At 72 h post-transfection, 
human α-globin (hα-globin), FAM171A1 (Astroprincin), POTEE 
(prostate, ovary, testis, and placenta expressed ankyrin domain fam-
ily member E), complement component 3 (C3) and TIAM1 (T-cell 
lymphoma invasion and metastasis 1) gave higher eGFP expression 
relative to other 3′UTRs. Among them, hα-globin and C3 dis-
played the highest eGFP expression, reaching 78.6% and 75.8% 
eGFP+ cells, respectively. Variations in the performance of these 
UTR combinations suggest that specific 3′UTRs modulate mRNA 
translation by forming favorable or unfavorable secondary struc-
tures with 5′UTRs. Similarly, WIPI2 (WD Repeat Domain, 
Phosphoinositide Interacting 2), S0_M_T1012, P450 2E1 
(cytochrome P450 family 2 subfamily E member 1), Apo A-II 
(apolipoprotein), AP3B1, and YY2 TF all promoted protein 
expression at 96 h post-transfection, with P450 2E1 performing 
the best at 71.1% eGFP+ cells. Notably, AP3B1 was the only 
3′UTR that continued to increase protein expression levels through 
120 h post transfection, peaking at 62.6% eGFP+ cells. Together, 
the 3′UTRs highlighted in SI Appendix, Fig. S2C, including 
hα-globin, WIPI2, C3, TIAM1, P450 2E1, or AP3B1, were 
selected as candidates to pair with 5′UTR (Ces1d) for subsequent 
in vivo mRNA screening.
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The 70 nt-based 3′UTRs screening was performed in HEK293 
cells using the same protocol. Flow cytometry data exhibited a 
similar pattern to the Ces1d-based experiments, with groups of 
3′UTRs peaking at different time points posttransfection 
(SI Appendix, Fig. S2D). 3′UTRs with peak expression levels at 
72 h posttransfection included S0_M_T1012, hα-globin, Apo 
A-II, and FAM171A1 gene fragments, with Apo A-II performing 
the best among them at 89.7% eGFP+ cells. Among them, 
hα-globin and S0_M_T1012 modified plasmids demonstrated 
superior performance to the rest of the 3’UTRs, showing 85.4% 
and 74.7% transfection efficiency, respectively. C3, WIPI2, 
TIAM1, YY2 TF, and AP3B1 modified plasmids reached peak 
expression levels at 96 h, with AP3B1 and YY2 TF performing 
the best at 79.7% and 73.6% eGFP+ cells, respectively. Plasmids 
inserted with POTEE, OXR1, P450 2E1, and MS10433 still 
showed increasing protein expression levels 120 h post transfec-
tion. OXRI produced the highest level of eGFP-positive cells, 
peaking at 84.4%. POTEE and MS10433 were close, with 79.4% 
and 77.9% eGFP+ cells, respectively. Together, the 3′UTRs high-
lighted with red circles in SI Appendix, Fig. S2D, including 
S0_M_T1012, hα-globin, Apo A-II, POTEE, MS10433, YY2 
TF, AP3B1 or OXR1, were chosen as candidates to pair with 
5′UTR (70 nt) for in vivo mRNA screening.

In Vivo UTRs Screening Using LNP88 Formulation via Subcu­
taneous Route (S.C.). All active lipids used for in  vivo mRNA 
delivery (Lipid 88, ALC-0315, and 113O12B) were synthesized. 
The synthesis and characterization were shown in SI  Appendix, 
Fig. S3. Lipid nanoparticle 88 (LNP88) has shown significantly 
higher luciferase expression in the liver compared to ALC-0315 for 
firefly Luciferase mRNA (mLuc) delivery (SI Appendix, Fig. S4). 
ALC-0315 and 113O12B were reported to target the LNs and/
or the liver and used as vaccine or vaccine candidate when they 
were formulated with the excipient compounds cholesterol (Chol), 
distearoylphosphatidylcholine (DSPC), and 1,2-dimyristoyl-rac-
glycero-3-methoxypolyethylene glycol-2000 (DMG-PEG) (37, 38). 
We used lipid 88 and formulated it with same excipient compounds 
but with a series of weight ratios. These LNP88 formulations 
showed similar physical properties (diameter, polydispersity, and 
zeta potential) (SI Appendix, Figs. S4A and S5). We assessed their 
capability for mLuc delivery (SI Appendix, Fig. S4C) and found 
LNP88 (Lipid 88: Chol: DSPC: DMG-PEG) at a weight ratio of 
16:8:4:3 is the top-performing LNP88 formulation. We chose this 
LNP88 for in vivo mRNA-UTRs screening.

We then evaluated the in vivo translatability of mRNA con-
taining different pairs of 5′ and 3′ UTRs using LNP88 via S.C. 
administration. Fluc and eGFP gene (Luc-GFP) fusion mRNA 
(mLuc-GFP) was first in vitro synthesized with Ces1d or 70 nt as 
the 5′UTR paired with different 3′ UTRs (Fig. 1A). These 3′ 
UTRs include Mus musculus beta globin (Mmβ-globin), human 
alpha globin (hα-globin), complement component 3 (C3), 
TIAM1, P450 2E1, AP3B1, and WIPI2. mLuc-GFP flanked with 
α-globin (5′UTR) and β-globin (3′UTR) fragments from SBI was 
used as a standard control (SI Appendix, Tables S2 and S3). All 
mRNA from the same batch was confirmed using 1% agarose gel 
electrophoresis which showed similar quality of mRNA with dif-
ferent UTR combinations (SI Appendix, Fig. S6A). Fig. 1 B and 
C showed the luciferase expression of mLuc-GFP constructed with 
Ces1d as 5′ UTR paired with different 3′ UTRs. We found AP3B1 
is the most efficacious 3′UTR when paired with Ces1d and exhib-
ited the highest expression level in both livers (1.5 × 108 biolumi-
nescence units) and LNs (1.5 × 106 bioluminescence units) among 
all tested UTR combinations, including the SBI control 
(α-globin-Luc-GFP-β-globin mRNA). Interestingly, hα-globin, 

C3, and TIAM1 produced low to undetectable bioluminescence 
level when paired with Ces1d as the 5′UTR, suggesting that 
mRNA secondary structures or UTR conformations may limit 
ribosome access and other translation factors involved in mRNA 
processing. We then used a similar procedure to evaluate the per-
formance of 3′ UTRs when 70 nt is used as 5′ UTR. A series of 
mLuc-GFP with 70 nt 5′ UTR paired with different 3′ UTRs 
were constructed. The mRNA quality was checked on an agarose 
gel, and the results showed similar quality and negligible mRNA 
degradation (SI Appendix, Fig. S6B). The in vivo screening results 
showed that Apo A-II is the top-performing 3′UTR for the 70 nt 
5′UTR with Fluc expression level around 8 × 107 bioluminescence 
units in livers and LNs, while other 3’UTRs were around 5 × 107 
luminescence units (Fig. 1 D and E). These results suggest that 
Apo A-II 3′ UTR significantly enhances mRNA translatability 
when paired with 70 nt 5′ UTR. Based on the screening results, 
we therefore selected two following UTR combinations for mRNA 
vaccine development, including 5′UTR-Ces1d-AP3B1-3′UTR 
and 5′UTR-70 nt-Apo A-II-3′UTR.

In Vivo Optimization of LNP88 and ALC-0315 Formulations via 
I.M. Injection. We investigated the in  vivo delivery efficacy of 
ALC-0315 or LNP88 via I.M. injection of LNP-mLuc to mimic 
immunization in humans. Based on the data from tail-based S.C. 
delivery, we screened a range of weight ratios of fine-tuned ALC-
0315 and LNP88 formulations (ionizable lipid: Chol: DSPC: 
DMG-PEG, w/w) (SI  Appendix, Fig.  S7A). The LNP-mRNA 
nanocomplex was characterized using dynamic light scattering 
(DLS) and transmission electron microscopy (TEM) (SI Appendix, 
Figs. S8 and S9). These LNP formulations were then assessed for 
in vivo mLuc mRNA delivery efficacy via I.M. in Balb/c mice  
(5 µg mLuc per mouse). Compared with 113O12B (SI Appendix, 
Fig.  S10), a higher Fluc expression level was detected in both 
LNP88 and ALC-0315 treated groups as early as 6 h after I.M. 
injection and then decreased progressively with an average rate 
of one log per day from 24 h to 80 h before reaching baseline 
activity at 80 h post-injection (SI Appendix, Fig. S7 A and B). 
113O12B-mLuc mainly accumulated at the local injection site, 
while both LNP88 and ALC-0315 delivered mLuc to both liver 
and LNs. LNP88 delivery resulted in similar biodistribution as 
ALC-0315 (SI Appendix, Fig. S7A), but kinetic analysis suggests 
that LNP88 may support more durable mRNA expression over 
ALC-0315 (SI  Appendix, Fig.  S7B). These results showed that 
LNP88 is as potent as ALC-0135 for in vivo mRNA delivery. 
We further investigated the effect of ratio between mRNA to 
LNP88 on mRNA delivery via I. M. injection. For this study, we 
kept the lipid ratio in the LNP88 constant at a weight ratio of 
16:8:5:3 (Lipid88: Chol: DSPC: DMG-PEG). The weight ratio 
of ionizable lipid 88 to mRNA was chosen from 10/1 to 30/1. 
We found that 30/1 weight ratio (lipid 88: mRNA) resulted in 
significantly higher delivery efficiency in total flux in livers and 
LNs when compared to those of 10:1 and 20:1 ratios (SI Appendix, 
Fig. S7 C and D). Together, these results show that both LNP88 
and ALC-0315 performed best when formulated with 50% 
ionizable lipid, 25% cholesterol, 15.6% DSPC, and 9.4% DMG-
PEG weight percentage. For LNP88 formulation, a weight ratio 
of 30:1 (lipid 88: mRNA) showed the best luciferase expression 
when delivered through I. M. injection.

Tissue Distribution and Immune Cell–Targeting Efficacy of LNP88 
and ALC-0315 via I.M. Injection. We characterized the firefly 
luciferase expression in different tissues of mice 6 h after I.M. 
injection with LNP88-mLuc and ALC-0315-mLuc (SI Appendix, 
Fig.  S11). As shown in Fig.  2A, the mRNA expression from 
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LNP88-mLuc or ALC-0315-mLuc was mainly in the liver and 
LNs as expected. Notably, LNP88 also produced a significant 
luciferase expression in the spleen with approximately 40% of 
total bioluminescence intensity of all organs, while the spleen from 
ALC-0315-mLuc only produced 12.8% of total bioluminescence 
intensity (Fig. 2B). As the spleen and LNs are the primary sites 
of immune responses, delivering into the spleen may enhance 
vaccine performance. We then characterized the specific cell 

types transfected by LNP88 and ALC-0315 within the spleen 
and LNs. Cre mRNA (mCre) was used as cargo and tested in 
an Ai14D mouse model. Upon Cre-expression, the loxP-flanked 
STOP cassette is deleted, and the tdTomato expression is turned 
on (SI Appendix, Fig. S12).

At 4 and 15 d after I.M. injection of LNP88-mCre and 
ALC-0315-mCre, the mice were killed, and the spleen and LNs 
were collected for immune cells analysis. At day 4, LNP88-mCre 

Fig. 1. In vivo screening of UTRs via S.C. route. (A) Schematic illustration of UTR optimization in mice. In the mRNA construct, mLuc-GFP was capped with CleanCap 
AG or ARCA cap, tailed with 120 bases of polyadenosine (Poly A120), incorporated with N1-methylpseudouridine (m1Ψ) and fused with Ces1d or 70 nt as the 5′UTR. 
The 3′UTRs are substituted with UTR fragments of interest to assess their performance on mLuc-GFP translation in vivo. (B) Images of in vivo bioluminescence at 6 h  
and 30 h following S.C. injection of a series of mLuc-GFP constructs with Ces1d as the 5′UTR paired with different 3′UTRs in LNP88 formulation. (C) Quantification 
of the Fluc expression level at 6 h (a) and 30 h (b) in each organ area (Livers, LNs, and Local sites) (n = 2). (D) Images of mice bioluminescence at 6 h and 30 h 
following S.C. injection of a series of mLuc-GFP constructs with 70 nt as the 5′UTR paired with different 3′UTRs in LNP88 formulation. mLuc-GFP construct with 
SBI UTRs substitution was used as control. (E) Quantification of Fluc expression over time, 6 h (a) and 30 h (b), at the location of bioluminescence distribution in 
mice (Livers, LNs and Local sites) (n = 2). Unless specified otherwise, scale represents radiance (p/sec/cm2/sr) min = 4.38e4 to max = 5.58e5. Average ± SD (n = 2 
mice per group), biological replicates shown.

http://www.pnas.org/lookup/doi/10.1073/pnas.2311752120#supplementary-materials
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showed positive mRNA expression in ~3.9% macrophages 
(CD11b+ Mφ) and ~11.3% DCs within the spleen while 
ALC-0315-mCre produced Cre expression in ~0.9% Mφ and 
~3.5% dendritic cells (CD11c+ DCs) (Fig. 2C and SI Appendix, 
Fig. S13). LNP88 successfully delivered mCre to 3.2% CD3ε+  
T cells, 1.3% CD8a+ cytotoxic T cells, and 3.4% CD4+ helper  
T cells. Expression levels of tdTomato were onefold to twofold 
higher than those of ALC-0315, indicating that LNP88 exhibits 
higher efficiency in delivering to T cells compared with ALC-0315 
formulation. At day 15, the delivery to antigen-presenting cell 
using LNP88 remained relatively higher compared with ALC-0315 
in the spleen (Fig. 2D). Even though the percentage of tdTomato+ 
T cells was reduced on day 15 post LNP88 treatment, the trans-
fection efficiency of LNP88 in T cells remained comparable to 
ALC-0315.

We also analyzed the immune cell types transfected by LNPs 
in the LNs (Fig. 2 C and D). On days 4 and 15, robust APCs were 
transfected by LNP88-mCre and ALC-0315-mCre. Cre expres-
sion levels peaked on day 15 following LNP88 treatment with 
~36.7% Mϕ and ~42.5% DCs, both comparable to ALC-0315 
treatment. LNPs delivery in T cells was lower in the LNs than in 
the spleen on day 4. In the 15 d after mRNA-LNP administration, 
tdTomato+ APCs and T cells were continuously increased in the 
LNs under LNP88 transfection, while the percent of tdTomato+ 
immune cells in both the spleen and LNs remained stable follow-
ing ALC-0315 delivery, suggesting some APCs and T cells might 

migrate to other organs, reducing the number of APCs and T cells 
in the spleen. In addition, ~10.6% natural killer (NK) cells in the 
spleen (day 4) and ~42.2% NK cells in the LNs (day 15) were 
positive for tdTomato following LNP88-mediated delivery while 
~6.6% NK cells in the spleen (day 15) and ~30.3% NK cells in 
the LNs (day 15) were positive following ALC-0315-mediated 
delivery. Together, both LNP88 and ALC-0315 are capable of 
delivering mRNA to the spleen and LNs and effectively transfect 
a range of immune cells, particularly APCs, T cells, and NK cells.

In Vivo Screening of Top-Performing Vaccine Candidates. In the 
previous UTR optimization study (Fig. 1), we found that mRNA 
with two pairs of 5′ and 3′ UTR (Ces1d/AP3B1, 70 nt/ApoA2) led 
to high protein expression. Here, we constructed the SARS-CoV-2 
spike mRNA using these two UTR pairs, referred to as mCSA and 
m70SA, respectively. The mRNA with α-globin/β-globin UTR 
combination (mrS) was constructed as control for comparison. 
The details regarding the construction and characterization of 
mRNA in addition to the verification of in vitro spike protein 
expression can be found in supporting information (SI Appendix, 
Figs. S14 and S15).

Three spike mRNAs (mrS, mCSA, and m70SA) were formu-
lated with LNP88 to generate three mRNA vaccines (TU88mrS, 
TU88mCSA, and TU88m70SA). We determined the ability of 
each of these mRNA vaccines to produce antibodies against the 
spike protein in a murine model. Four groups of mice were 
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Fig. 2. In vivo LNPs-mediated mLuc delivery in Balb/c mice and mCre delivery in Ai14D mice to explore LNPs biodistribution via I.M injection. (A) Representative 
ex vivo image of organs collected from LNP88-mLuc or ALC-0315-mLuc treated mice. (B) Quantification of the Fluc protein expression level in each organ (heart, 
lung, liver, spleen, kidney, and LN). Scale represents radiance (p/sec/cm2/sr), min = 5.0e4 to max = 1.0e6. Average ± SD (n = 2). (C) Percent tdTomato+ immune 
cells [T cells, macrophages (Mϕ), dendritic cells (DC), NK cells, and B cells] in the spleen (a) and LN (b) measured by flow cytometry at day 4 post LNP88-mCre or 
ALC-0315-mCre delivery to Ai14D mice. (n = 3 mice per group). (D) Percent tdTomato+ immune cells [T cells, macrophages (Mϕ), dendritic cells (DC), NK cells, and 
B cells] in the spleen (a) and LN (b) measured by flow cytometry at day 15 post LNP88-mCre or ALC-0315-mCre delivery to Ai14D mice. (n = 3 mice per group). 
Significance was statistically determined by the two-way ANOVA Tukey test, ns, no significance, *P < 0.05, **P < 0.005, ***P < 0.0005, ****P < 0.0001. Average 
± SD, biological replicates shown.

http://www.pnas.org/lookup/doi/10.1073/pnas.2311752120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2311752120#supplementary-materials
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http://www.pnas.org/lookup/doi/10.1073/pnas.2311752120#supplementary-materials
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immunized with phosphate-buffered saline (PBS; mock), TU88mrS, 
TU88mCSA, or TU88m70SA (1 µg per mouse) at week 0 and 3, 
followed by serum collection at week 4 (SI Appendix, Fig. S16A). 
S-specific antibody endpoint titers (EPTs) were determined by an 
ELISA using serum samples with 1:100 initial dilution followed by 
a X4 serial dilution. The data showed that the median IgG EPT of 
TU88mCSA vaccination (927,560) is significantly higher than 
those of TU88mrS (282,480) and TU88m70SA (190,736) mRNA 
vaccines (SI Appendix, Fig. S16B). Thus, mCSA construct was 
selected for further immunological study of the vaccine in mice, 
and mrS was used as a control for comparison. We chose both 
LNP88 and ALC-0315 as carriers, and generated four mRNA 
vaccines (TU88mCSA, TU88mrS, ALCmCSA, and ALCmrS) for 
following study.

Five groups of C57BL/6 mice (n = 5 per group) were immu-
nized with PBS (mock control), TU88mCSA (1 µg), TU88mrS 
(1 µg), ALCmCSA (1 µg), or ALCmrS (1 µg) via I.M. adminis-
tration at weeks 0 (prime) and 3 (boost) (Fig. 3A). We first exam-
ined antibodies in mouse bronchoalveolar lavage fluid (BALF) to 
evaluate the immune response in the respiratory tract after booster 
vaccination (week 5). Compared to PBS controls, immunization 
with TU88mCSA and ALCmCSA induced an S-specific-binding 
IgG response in BALF. TU88mCSA and ALCmCSA elicited a 
notably higher level of BALF IgG than TU88mrS and ALCmrS 
(Fig. 3 B, a). No significant S-specific IgA in BALF was detected 
in the vaccinated mice compared to the PBS control (Fig. 3 B, b).

Many studies have shown that T cells are involved in the protec-
tion against SARS-CoV-2 infection (39–42). Moreover, recent find-
ings clarified that memory CD8+ T cells (CD8+ TM) with conserved 
specificities of SARS-CoV-2 peptides are highly abundant in patients 
with mild COVID-19 symptoms and exhibit strong protective effi-
cacy (43, 44). It remains controversial whether I.M. mRNA immu-
nization induces antigen-specific memory T cells in the respiratory 
system. We investigated T cell responses in both the spleen and lungs 
of mice following vaccination. TU88mCSA, ALCmCSA, and 
ALCmrS induced strong CD8+ TM and CD4+ T cell activation in 
the spleen compared to PBS controls based on the expression of 
CD44+, a surface marker representing T cell activation and memory 
(Fig. 3 C, a, b, e, and f). To measure vaccine-specific CD8+ TM cells, 
we used a SARS-CoV-2 S539–546 (VNFNFNGL)-specific major his-
tocompatibility complex class I (MHC-I) tetramer (H-2Kb) 
(SI Appendix, Fig. S17A). Consistent with total number of CD44+ 
CD8+ T cells, TU88mCSA, ALCmCSA, and ALCmrS induced 
strong S-specific CD8+ TM responses in the spleen reaching 0.40%, 
0.84%, and 0.50% (% of total spleen cells), respectively, which was 
sevenfold to 14-fold higher than the PBS controls (0.06%) (Fig. 3 
C, c and d). Overall, mCSA elicited more S-specific CD8+ TM cells 
than mrS in the spleen (P < 0.05 between ALCmCSA and ALCmrS), 
which is in line with the S-specific BALF IgG response. These results 
suggest the potent systemic immune responses are majorly induced 
by TU88mCSA and ALCmCSA.

We further evaluated whether our mRNA vaccine candidates 
induce strong T cell response in the lungs. CXCR6 has been uti-
lized to define CD69+ tissue-resident memory T cells in mice 
(45–48). On the basis of CD69+ and CXCR6+, we observed that 
TU88mCSA and ALCmCSA induced higher frequencies of CD4+ 
T cells and CD8+ T cells that are also positive for CD69 and 
CXCR6 in the lungs than PBS controls (Fig. 3 D, a–c and g–i). 
Consistent with S-specific IgG response in BALF and CD8+  
T cell response in the spleen, TU88mCSA and ALCmCSA both 
outperformed TU88mrS and ALCmrS with regards to the induc-
tion of CD4+ and CD8+ T cell activation in the lung, suggesting 
mCSA is a superior mRNA cargo over mrS and capable of eliciting 
stronger T-cell response in the respiratory tract. We also used 

SARS-CoV-2 S539–546 (VNFNFNGL) MHC-I tetramer to identify 
S-specific CD8+ T cells in the lungs (SI Appendix, Fig. S17B). 
ALCmCSA elicited stronger S-specific CD8+ T cells (1.22% in 
total lung cells) than ALCmrS and TU88mCSA (Fig. 3 D, d–f  ).

These results show that I.M. immunization with mCSA elicits 
strong IgG responses in the serum and BALF. TU88mCSA and 
ALCmCSA induce stronger CD4+ and CD8+ T-cell responses in 
both lung and spleen when compared with TU88mrS and 
ALCmrS. Thus, TU88mCSA and ALCmCSA are highly immu-
nogenic and induce systemic and respiratory immune response 
and were used for challenge studies against VOCs.

Evaluation of TU88mCSA Efficacy in WA1/2020 and Omicron 
BA.1 Challenge Models. To evaluate protection of TU88mCSA 
vaccine against SARS-CoV-2, we established a small animal model 
for WA1/2020 and Omicron BA.1 using golden Syrian hamsters 
(Mesocricetus auratus) (Fig. 4A and SI Appendix, Fig. S18). In the 
hamster model, following prime/boost TU88mCSA vaccine, 
animals were infected with WA1/2020 [dose of 4 × 104 plaque-
forming units (pfu) per hamster] or Omicron BA.1 (dose of 
1.3 × 104 pfu per hamster) via the intranasal route (I.N.) and 
monitored for body weight changes. In WA1/2020 challenged 
groups, unvaccinated hamsters experienced gradual weight loss up 
to 0.7% and 1.2% from 1 to 5 days postinfection (DPI) (Fig. 4B). 
This significant change in body weight is likely the result of viral 
pathogenesis. In contrast, TU88mCSA vaccine hamsters showed 
a healthy weight gain after infection, up to 7.1% and 8.4%, and 
remained in good condition through 1 to 14 DPI, suggesting that 
vaccinated hamsters were protected from disease and body weight 
loss. In Omicron BA.1 challenged groups, the weight change in 
hamster groups with or without vaccination showed overall no 
significant variation, but weight loss was observed from 5 to 7 DPI 
(Fig. 4C). Unvaccinated animals exhibited a gradual weight loss at 
4 to 7 DPI, while TU88mCSA vaccine group showed a mild weight 
loss at 6 to 7 DPI followed by a recovery that significantly increased 
overall weight gain (Fig. 4C). Omicron BA.1 symptoms began 
on day 4, later than symptoms from WA1/2020 infection. The 
weight loss in WA1/2020 challenged groups was also more drastic 
relative to Omicron BA.1, suggesting that Omicron BA.1 could 
be a milder SARS-CoV-2 variant with lower pathogenicity. Next, 
we examined the safety and efficacy of two doses of TU88mCSA 
vaccine in the viral challenge model. Following vaccination, no 
signs of lesions were observed at the injection sites and hamster 
body weight increased in a steady manner over 14 DPI. As shown 
in Fig. 4 B and C, animals in vaccinated groups gained weight and 
did not show any signs of morbidity, suggesting that TU88mCSA 
is safe at the 5 µg mRNA/150 µg LNP88 dose per hamster.

We then analyzed LNP88 hepatotoxicity in mouse livers (two 
doses per mouse) on day 2.5 following the second immunization 
(SI Appendix, Fig. S19). Three groups of mice were administered 
with TU88mCSA, ALCmCSA, or TU113mCSA delivering a 
spike mRNA dose of 1 µg/mouse, respectively, via the I.M., I.V., 
or S.C. route. Compared with ALCmCSA and TU113mCSA, 
TU88mCSA induced relatively lower alanine aminotransferase, 
aspartate aminotransferase, and alkaline phosphatase activity 
although no LNPs resulted in significant hepatotoxicity during 
this trial. No significant changes in these markers demonstrated 
negligible systemic toxicity using LNP88 in mice. This conclusion 
was further supported by histological data in SI Appendix, Fig. S20.

The S-binding serum IgG titer induced by TU88mCSA was 
analyzed to confirm TU88mCSA established humoral immunity 
in hamsters. Hamsters vaccinated with TU88mCSA at 5-µg dose 
elicited a strong binding antibody response, of which IgG geometric 
EPT reached 3,122,226, directed against the full S protein (Fig. 4D). 

http://www.pnas.org/lookup/doi/10.1073/pnas.2311752120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2311752120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2311752120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2311752120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2311752120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2311752120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2311752120#supplementary-materials
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To evaluate the efficacy of the TU88mCSA for protection against 
SARS-CoV-2, hamster lungs were removed for viral load analysis 
on 4 DPI (Fig. 4A). WA1/2020 was detected in the lungs of all nine 
unvaccinated hamsters (9/9), with a median viral titer of 9.2 × 105 
pfu/g of lung tissue. However, vaccination with TU88mCSA sub-
stantially controlled the infectious virus, reducing it to 219.2 pfu/g 
of lung tissue in all hamsters. Nevertheless, low lung viral titers 
remained detectable in four out of the nine vaccinated hamsters 
(4/9). Similarly, in the Omicron BA.1 challenge model, the lung 

viral titers of the mock group can be detected in all animals (7/7), 
and their median reached 3.7 × 104 pfu/g lung (n = 7), while 
TU88mCSA vaccination induced complete viral control with no 
detectable titers in any of the hamsters (0/7), 100 pfu/g lung (n = 7)  
at LOD (Fig. 4E), demonstrating that TU88mCSA vaccination 
confers near-complete protection of the hamsters against both 
ancestral SARS-CoV-2 and the Omicron BA.1 variant.

Consistent with the hamster weights monitoring, WA1/2020 
infected hamster lungs displayed higher viral titers (9.2 × 105 pfu/g 

Fig. 3. Top-performing SARS-CoV-2 vaccine screening based on S-specific IgG titer and T Cell response in mice (A) Schematic illustration of mice experimental 
design and timeline. Five groups of mice (n = 5 per group) were vaccinated I.M. with mock (PBS), TU88mCSA (1 µg), TU88mrS (1 µg), ALCmCSA (1 µg), and ALCmrS 
(1 µg) for each at weeks 0 and 3. Two weeks after booster vaccination (week 5), mice were euthanized and subjected to analysis of immune response in the 
spleen, lung, and bronchus. (B) Comparison of bronchoalveolar lavage fluid (BALF) S-specific IgG or IgA optical density (OD450) values between different vaccine 
groups after booster (week 5) vaccination is shown. OD450 values for individual BALF samples after booster vaccination are shown. (C) Shown is the comparison 
of percent S-specific spleen memory CD8+ and activated CD4+ T cells in the total spleen cells between different groups. (D) Shown is the comparison of percent 
S-specific lung-resident memory CD8+ and activated CD4+ T cells in the total lung cells between different groups. Unless specified otherwise, significance for 
(B–D) was statistically determined by the one-way ANOVA Tukey test, *P < 0.05, **P < 0.005, ***P < 0.0005, ****P < 0.0001. Average ± SD (n = 5 mice per group), 
biological replicates shown.
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lung) compared to the Omicron BA.1 model (3.7 × 104 pfu/g 
lung), reiterating that Omicron BA.1 is a milder SARS-CoV-2 
variant than WA1/2020 (Fig. 4E and SI Appendix, Fig. S21). The 
reproducibility of this challenge data was also fully verified 
(SI Appendix, Fig. S21). Together, this study provided direct evi-
dence that TU88mCSA as a monovalent vaccine using early Spp 

sequence has the potential to completely control Omicron BA.1 
in the lung regardless of its S antigenic drift.

Evaluation of TU88mCSA and ALCmCSA Protection Efficacy on 
Hamster against Omicron BQ.1 Challenge. We also investigated 
the efficacy of TU88mCSA and ALCmCSA vaccination against 

Fig. 4. TU88mCSA protects golden Syrian hamsters from WA1/2020 and Omicron BA.1 challenge. (A) Schematic illustration of hamster experimental design. 
Four groups of hamsters were investigated. The first two groups were I.M. vaccinated with mock (Saline, n = 12) or TU88mCSA (5 µg, n = 12) at weeks 0 and 3, 
followed by SARS-CoV-2 WA1/2020 (4 × 104 pfu) challenge at day 31 and viral load analysis was performed on 4 DPI (n = 4 per group) and hamster body weights 
were monitored for 14 d (n = 8 per group). The other two groups of hamsters (n = 4 per group) were vaccinated mock (Saline) or TU88mCSA at weeks 0 and 
3, followed by I.N. challenge with SARS-CoV-2 variant Omicron BA.1 (1.3 × 104 pfu) at day 31. On 4 DPI (n = 2), lung tissues (n = 2 per group) were harvested 
for analysis of viral titers. Hamster body weights were monitored for 14 days after Omicron BA.1 inoculation (n = 2 per group). See SI Appendix, Fig. S18 for 
hamster assignments to mock control and vaccinated groups. The challenge study was repeated to reproduce the data but was increasing hamsters to five for 
each group. The data from two challenge studies at SI Appendix, Fig. S21 were combined together in this figure. (B) Hamster body weight change (%) following 
WA1/2020 challenge (4.0 × 104 pfu/hamster, n = 8 per group). (C) Hamster body weight change (%) after Omicron BA.1 challenge (1.3 × 104 pfu/hamster, n = 2  
per group). (D) SARS-CoV-2 S-specific IgG titer in hamster serum day 7 post-booster (n = 16) determined by ELISA. *P < 0.05, two-tailed t test. Average ± SD.  
(E) Comparison of lung viral titers in WA1/2020 or Omicron BA.1-infected hamsters with or without TU88mCSA immunization. All data from two challenge 
studies were combined together in the same graph. Nine hamsters per group in WA1/2020 challenge model and seven hamsters per group in Omicron 
BA.1 challenge model. LOD: 100 pfu/g lung. Unless specified otherwise, significance for (B) and (C) was statistically determined by two-way ANOVA Šídák's 
multiple comparisons test. Significance for (E) was statistically determined by the one-way ordinary ANOVA Tukey test, *P < 0.05, **P < 0.005, ***P < 0.0005,  
****P < 0.0001. Average ± SD. Biological replicates shown.

http://www.pnas.org/lookup/doi/10.1073/pnas.2311752120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2311752120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2311752120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2311752120#supplementary-materials
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the SARS-CoV-2 Omicron sublineage (BQ.1) (Fig. 5A). Three 
groups of hamsters (n = 10) were vaccinated with mock (PBS), 
ALCmCSA (5 µg), or TU88mCSA (5 µg) on day 0 and day 21. 
Two weeks after the booster dose (day 35), all hamsters were 
infected via the I.N. route with Omicron BQ.1 strain with doses 
of 2 × 104 pfu. On 2 DPI (n = 5) and 4 DPI (n = 5), vaccine 
protection was evaluated on the basis of body weight changes and 
viral loads in the lungs and nasal washes.

Body weight analysis highlighted the difference between unvac-
cinated and vaccinated hamsters following Omicron BQ.1 infec-
tion. Infection in both mock control and ALCmCSA vaccinated 
hamsters resulted in a progressive weight loss of up to 3.3% and 
1.5% by 3 DPI, respectively, whereas the TU88mCSA vaccine 
group slightly reduced by 2 DPI but overall maintained steady 
growth in weights through 4 DPI (Fig. 5B). Notably, the ALCmCSA 
vaccine group began to recover from 3 DPI onward, while mock 

Fig. 5. ALCmCSA and TU88mCSA vaccination confer protection against challenge with the SARS-CoV-2 Omicron BQ.1 in hamsters. (A) Schematic illustration of 
hamster challenge study. Three groups of hamsters (n = 10 per group) were vaccinated I.M. with mock (PBS), ALCmCSA (5 µg for each) or TU88mCSA (5 µg for 
each) at weeks 0 and 3, followed by I.N. challenge with SARS-CoV-2 Omicron BQ.1 strain (2 × 104 pfu) at week 5. On 2 (n = 5) and 4 DPI (n = 5), lung tissues were 
harvested for analysis of viral titers; nasal washes were collected for analysis of viral titer; hamster body weights were also monitored. (B) A comparison of hamster 
body weight changes is shown between different groups from 0 to 4 DPI. Significance was statistically determined by the two-way ANOVA Tukey test, *P < 0.05. 
Average ± SD (n = 5 mice per group). (C) Analysis of S-specific IgG (a) and IgA (b) EPT in the hamster serum at week 5 post ALCmCSA or TU88mCSA immunization 
(mock, n = 4; vaccine group, n = 10). (D) Comparison of viral RNA copies in hamster lungs (log10 viral copies per milligram) between mock and vaccine groups are 
shown for tissues collected on 2 and 4 DPI. (E) Comparisons of viral titers in the hamster lungs (log10 FFU per gram) between mock and vaccine group are shown 
for tissues collected on 2 and 4 DPI. (F) A comparison of viral RNA copies in the nasal washes (log10 viral copies per milliliter) is shown between the indicated 
groups on 2 and 4 DPI. (G) Comparisons of viral titers in the hamster nasal washes (log10 FFU per milliliter) between the mock and vaccine groups are shown for 
samples collected on 2 and 4 DPI. Unless specified otherwise, significance for (C) and (D–G) was statistically determined by the one-way ordinary ANOVA Tukey 
test, ns, no significance, *P < 0.05, **P < 0.005, ***P < 0.0005, ****P < 0.0001. Average ± SD. biological replicates shown.
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groups were still far from recovering. These weight change data 
indicate that both ALCmCSA and TU88mCSA vaccination protect 
hamsters from Omicron BQ.1 induced morbidity. This protection 
efficacy is consistent with their robust serum S-specific IgG and IgA 
production at week 5 (ALCmCSA, IgG EPT: 194,400 and IgA 
EPT: 16,200; TU88mCSA, IgG EPT: 172,800 and IgA EPT: 
19,800) (Fig. 5 B and C).

We assayed viral loads in lungs. At 2 DPI, compared to the 
mock control, ALCmCSA and TU88mCSA induced moderate 
control of Omicron BQ.1 in the lungs based on viral RNA copies 
(ALCmCSA, 17.8-fold reduction; TU88mCSA, 3.6-fold reduc-
tion) and insignificant infectious titers for all test articles. On 4 
DPI, critically, ALCmCSA and TU88mCSA induced more robust 
control of BQ.1 based on viral RNA copies (ALCmCSA, 59.1-fold 
reduction; TU88mCSA, 51.0-fold reduction) and infectious viral 
titers (ALCmCSA, 4.1-fold reduction; TU88mCSA, 3.3-fold 
reduction; both under limit of detection), compared to mock 
control (Fig. 5 D and E). Viral titer analysis showed consistent 
results: At 4 DPI, no infectious virus was detectable in all five 
hamsters (0/5) with ALCmCSA or TU88mCSA vaccination, 
whereas three of five hamsters (3/5) in the mock control had 
detectable infectious virus (Fig. 5 D and E). Together, these data 
suggest that ALCmCSA and TU88mCSA effectively reduce and 
even eradicate infectious virus Omicron BQ.1 in the lung and 
protect hamsters from BQ.1 lung infection.

To further assess the effect of vaccine on BQ.1 infection in the 
hamster upper respiratory tract, we analyzed the viral RNA copies 
and infectious viral titer in the nasal washes. At 2 DPI, compared 
to mock control, TU88mCSA or ALCmCSA vaccination signifi-
cantly reduced viral RNA copies to 17.5-fold or 4.8-fold, and 
infectious titers to 19.9-fold or 193.6-fold, respectively (Fig. 5 F 
and G). At 4 DPI, TU88mCSA or ALCmCSA induced 18.1-fold 
or 24.9-fold reduction in viral copies and 5.3-fold or 25.2-fold 
reduction in infectious titers respectively, relative to mock control. 
Notably, there was no detectable virus in four of five hamsters 
(4/5) in the ALCmCSA vaccine group and two of five hamsters 
(2/5) in the TU88mCSA vaccine group while all hamsters in mock 
control had detectable virus, suggesting ALCmCSA and 
TU88mCSA vaccination provides effective protection of hamster 
and extra control of Omicron BQ.1 in the upper respiratory 
airways.

Discussion

Here, we show that two potent vaccine candidates, TU88mCSA 
and ALCmCSA, are safe, well tolerated, and elicit a robust 
S-specific IgG titer and T cell response in mice. Both TU88mCSA 
and ALCmCSA provided effective protection against WA1/2020, 
Omicron BA.1, and BQ.1 challenge based on lung viral load 
reduction, viral clearance in the upper respiratory tract, and recov-
ery of animal weights in hamsters. Our study demonstrates the 
feasibility of developing a monovalent mRNA vaccine using the 
early spike gene sequence (Spp) against broad VOCs, including 
Omicron BQ.1.

TU88mCSA and ALCmCSA vaccine utilized mCSA constructs 
composed of structural elements, such as the CleanCap AG, Ces1d 
(5′UTR), AP3B1 (3′UTR), Poly A120 tail, and m1Ψ incorporation, 
which have a substantial impact on translation efficiency. 5′ and 
3′UTR sequence optimization represents an emerging strategy to 
improve mRNA vaccine performance in specific immune organs 
and immune cells. To evaluate the impact of UTRs on mRNA 
translatability, UTR fragments were introduced into plasmids for 
in vitro screening and introduced into mRNA constructs for 
in vivo screening. In comparison of UTR performance across all 

screening steps, notable findings include the following: i) Identical 
UTR variants demonstrate variable Fluc expression levels in mice 
and HEK293 cells, indicating that these UTRs sequences result 
in distinct performances in vitro and in vivo, especially in different 
organs and cell types. To evaluate the impact of UTRs on 
cell-specific mRNA translation, further investigation is necessary. 
ii) The performance of Ces1d (5′UTR) and AP3B1 (3UTR) com-
binations in mLuc translation outperformed commercial UTR 
combinations, including α-globin (5′UTR) and β-globin (3′UTR) 
segments used in SBI mRNA products and leading SARS-CoV-2 
mRNA vaccines. iii) Ces1d acting as 5’UTR was not compatible 
with some 3′UTR fragments, including hα-globin, C3, and 
TIAM1, which inhibited mRNA translation in mice, but signifi-
cantly enhanced the mRNA translatability by forming favorable 
secondary structures with AP3B1 as 3′ UTR. Alterations in the 
UTRs sequence may hinder ribosome access and prevent other 
translation factors from coordinating with ribosome to process the 
mRNA sequence. iv) The UTR optimization platform established 
here enables rapid UTR data mining and screening as a strategy 
for maximizing mRNA translatability in specific organs or cell 
types in vivo. These findings establish 5′UTR-Ces1d-AP3B1-3′UTR 
as a superior UTR combination for enhanced mRNA vaccine effi-
cacy and targeted immune cell expression.

In addition to the optimized UTR construct, we designed a 
mRNA delivery vehicle, LNP88, and an improved ALC-0315 
formulation to enhance the antigen-mRNA expression in specific 
immune organs and even in different immune cell types. In this 
study, LNP88 and ALC-0315 formulations were composed of 
ionizable active lipids, Chol, phospholipids, and DMG-PEG. We 
optimized the formulation parameters with these components for 
LNP88 and ALC-0315 stepwise using the S.C or I.M routes. We 
determined that the optimal formulation for LNP88 contained 
50.0% lipid 88, 25.0% cholesterol, 15.6% DSPC, and 9.4% 
DMG-PEG (16:8:4:3, w/w) via the S.C. route while 51.6% lipid 
88, 25.8% cholesterol, 16.1% DSPC, and 9.7% DMG-PEG 
(16:8:5:3, w/w) via the I.M. route with a 10:1 weight ratio of 
LNP88-mLuc. The weight ratio of LNP88-mLuc was further 
extended to 30:1, producing total flux up to 2 times over that of 
10:1 in mice via I.M injection. ALC-0315 formulation was 
fine-tuned based on published formulation conditions (32) and 
ultimately the weight ratio of ALC-0315: Chol: DSPC: DMG-PEG 
at 16:8:5:3 performed best for mRNA delivery in total flux in vivo. 
These optimized LNP88 and ALC-0315 formulations enabled 
robust mRNA expression in the spleen and LN besides in the liver, 
suggesting LNP88 has the potential to transfect immune cells in 
the spleen and LNs as well as ALC-0315.

Given that both LNP88 and ALC-0315 target secondary lym-
phoid organs, their delivery efficacy to a range of immune cells 
was assessed in the spleen and LNs of Ai14D mice. A large pro-
portion of LNP88 and ALC-0315 targeted APCs, including mac-
rophages and DC cells. To date, LNPs used in leading vaccines, 
including ALC-0315 and SM-102, have not demonstrated clear 
evidence of efficient mRNA delivery to both spleen and LN  
(22, 31, 38). Our results clearly show that LNP88 and ALC-0315 
vehicle transports mRNA to both the spleen and LNs and trans-
fects immune cells (APCs, T cells, B cells, and NK cells) via I.M 
administration. These results suggest LNP88 and the improved 
ALC-0315 as potent mRNA delivery vehicles for inducing robust 
immune responses.

Along with the optimization of UTRs and LNP formulations 
in vitro and in vivo, we have here established a platform to identify 
the potent mRNA-LNP for inducing robust immune responses. 
We evaluated the immunogenicity of mCSA-LNP88 (TU88mCSA)  
and mCSA-ALC-0315 (ALCmCSA) platforms in mice. The 
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mCSA vaccine candidate elicited significantly higher S-specific 
serum antibody responses than mrS and m70SA. Even though 
mCSA employs the early Spp sequence, it protects against omicron 
sublineages. As local mucosal immunity in the lungs is critical  
for protection against virus, we evaluated TU88mCSA and 
ALCmCSA vaccines to induce S-specific antibodies in BALF and 
S-specific TM response in the lungs in addition to systemic immu-
nity. In BALF, TU88mCSA and ALCmCSA induced higher 
S-specific IgG antibody compared to TU88mrS and ALCmrS, 
although we did not detect significant S-specific IgA production 
in TU88mCSA or ALCmCSA vaccine groups. On the basis of 
CD69+ and CXCR6+, TU88mCSA and ALCmCSA consistently 
induced relatively higher CD4+ TM and CD8+ TM in the lungs 
compared to TU88mrS and ALCmrS. Moreover, ALCmCSA 
induced robust S-specific CD8+ TM over other vaccine groups, 
especially in lungs, indicating that mCSA is an effective platform 
for future SARS-COV-2 mRNA vaccine development.

To develop effective vaccines against VOCs, the bivalent vac-
cines acquired the VOC-specific S sequences as a booster vaccine, 
which has emerged as a validated strategy in human subjects. 
However, Omicron S-specific mRNA vaccination offered no addi-
tional protection against an Omicron challenge compared to an 
ancestral Spp mRNA vaccine booster, indicating that a VOC 
S-targeted strategy may not provide broad protection against 
SARS-CoV-2 VOCs (49, 50). Furthermore, VOC-specific vaccine 
development is too slow to meet the timely deployment against 
new VOCs. In this study, our S mRNA sequence was designed 
from the ancestral or early SARS-CoV-2 sequence (Wuhan-Hu-1) 
but modified with optimized UTRs (Ces1d/AP3B1). Despite use 
of the original sequence, our data reveal that Spp with different 
UTR substitution enabled distinct performance in eliciting  
TM cell immune response and BALF IgG titer in mice. In Omicron 
BA.1 challenge study, there was no detectable infectious virus in 
all hamsters in the TU88mCSA group (0/7), whereas all hamsters 
in the mock group had detectable virus (7/7), confirming that 
TU88mCSA induced robust control of Omicron BA.1 and erad-
icated virus from the lungs in 4 DPI. We evaluated the protective 
efficacy of TU88mCSA and ALCmCSA in hamsters against 
Omicron variant, BQ.1, which carries multiple S mutations. 
Significant reductions in BQ.1 viral RNA copies and lung viral 
titer indicated that TU88mCSA and ALCmCSA almost com-
pletely inhibited viral replication in the lungs at 4 DPI. In lung 
viral titer analysis, TU88mCSA and ALCmCSA induced complete 
viral control with no detectable BQ.1 viral titer in all hamsters 
(0/5), showing that TU88mCSA and ALCmCSA provide strong 
protection to hamsters in the lower respiratory tract. In our BQ.1 
challenge models, TU88mCSA and ALCmCSA induced robust 
viral control of Omicron BQ.1 in nasal wash either at 2 DPI or 
4 DPI, demonstrating that TU88mCSA and ALCmCSA enable 
the immediate clearance of infectious Omicron BQ.1 in both 
lower and upper respiratory tracts. To confirm this protection 
efficacy was induced by neutralizing antibodies or T cell immunity, 
we have examined their neutralizing activity toward the challenge 
virus BQ.1. Our data showed that sera of hamsters vaccinated 
with both vaccines (ALCmCSA and TU88mCSA) were negative 
for neutralization (FRNT50 < 20). The data are consistent with 
prior research that vaccines based on the early ancestral spike sequence 
have much reduced neutralization activity against SARS-CoV-2 
variants, especially the emerging Omicron sub-variant, such as 
BQ1. The data support that the protection by ALCmCSA and 
TU88mCSA is likely mediated by cellular immunity other than 
neutralizing antibodies (SI Appendix, Fig. S22). Our study pro-
vides comprehensive evidence that optimized LNP88 and 
ALC-0315 mRNA vaccine formulations provide enhanced 

protective efficacy against WA1/2020, Omicron BA.1, and BQ.1 
in hamsters due to the activation of a series of immune responses 
in both circulating system and respiratory airway. Notably, all 
mRNA vaccines used in this study utilize the ancestral spike gene 
sequence (Spp) without any VOC mutations. By altering the CDS 
of antigen mRNA constructs, our platform can be readily used 
for future mRNA vaccine development for timely deployment in 
the face of constant viral mutations.

Our study has several limitations. First, the UTR screening pro-
file is far from enough for us to do accurate prediction and selec-
tion. Recent computational advances in mRNA construct 
optimization may help to identify additional UTRs for enhanced 
expression (51). Immune cell–specific UTRs screening in vivo 
warrants further investigation for robust antigen expression in 
next-generation mRNA vaccine development. In particular, the 
performance of UTRs in the APCs, CD4+ T cells, CD8+ T cells, 
B220+ B cells, and TM requires further evaluation using a series of 
UTRs fused mCre in Ai14D mice. Second, in our current study, 
fluorescent CD45 staining to distinguish tissue-resident cells from 
potential circulating T cells was not conducted, and we acknowl-
edge that this is a limitation. Nevertheless, our data have shown 
that while substantial tetramer+ Spike-specific CD8+ T cells were 
observed in the lungs following vaccination (ranging 20-40% of 
total CD8+ T cells), only 3 to 8% of tetramer+ Spike-specific CD8+ 
T cells (in total CD8+ T cells) was observed in the spleen following 
vaccination (Fig. 3D). These data indicate that the high levels of 
S-specific CD8+ T cells detected in the lungs may not be simply 
due to the contamination of the circulating S-specific CD8+ T cells. 
In addition, our data showed significant levels of CXCR6+CD69+ 
T cells, indicating the lung tissue residency potential of these  
T cells. Nevertheless, more accurate detection of TM and more 
comprehensive T-cell analysis need to be performed in future stud-
ies to more thoroughly understand systemic and respiratory immu-
nity elicited by these mRNA vaccines. Third, TU88mCSA and 
ALCmCSA vaccine efficacy was only evaluated 1 or 2 wk after 
booster vaccination. Without long-term monitoring, the durability 
of immune response and protection efficacy is not clear. Finally, in 
Omicron BQ.1 challenge studies, even though the TU88mCSA 
and ALCmCSA induced complete control of BQ.1 replication in 
both the lungs and upper respiratory tract of hamsters, the precise 
mechanisms of upper airway protection remain ambiguous. We 
have detected lung CD4+ TM, CD8+ TM, and S-specific CD8+ TM 
immune response induced by TU88mCSA and ALCmCSA, but 
these data may not fully address the mechanism of complete pro-
tective efficacy of vaccination. Additional analysis of immune 
mechanisms should be performed. Nevertheless, we have developed 
a UTR-based mRNA vaccine approach targeting highly variable 
S and demonstrated robust and broad protection against 
WA1/2020, Omicron BA.1, and BQ.1 infection using the original 
Spp sequence alone. In the future, the TU88mCSA and ALCmCSA 
platform can be applied in new mRNA vaccines to induce broadly 
protective immune response against new emerging VOCs.

Materials and Methods

More methods and materials are detailed in SI Appendix, Methods and Materials.

mRNA Synthesis. The pMRNA- Luc-GFP or pMRNA-S variants plasmid was used 
as templates for gene polyadenylation using the Tail PCR Primer A93/A95, of 
which reverse primer contains 120 oligodT. Generated Tail PCR product was used 
as template in an in  vitro transcription reaction (10×T7 reaction buffer (1×), 
CleanCap AG or ARCA cap (10 mM), ATP (10 mM), CTP (10 mM), GTP(3.75 mM), 
N1-methylpseudouridine (N1mψ, 3.75 mM), each of mRNA templates (25 ng/µL),  
and T7 RNA polymerase mix) and treated with Turbo DNase (ThermoFisher) and 
Antarctic Phosphatase (New England Biolabs) and purified using a MegaClear 

http://www.pnas.org/lookup/doi/10.1073/pnas.2311752120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2311752120#supplementary-materials
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Kit (Life Technologies). The modified nucleotides used in this study were N1mψ 
(TriLink), which were incorporated to completely substitute their natural counter-
parts UTR in mRNA synthesis.

Lipid Synthesis. Lipid 88, ALC-0315, and 113O12B were synthesized and char-
acterized using NMR and MS, as shown in SI Appendix, Fig. S3. All 1H NMR spectra 
were recorded on a Bruker AVIII 500 MHz NMR spectrometer operated in the 
Fourier transform mode.

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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