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Chemically modified tRNA enhances the
translation capacity of mRNA rich in
cognate codons

Liangzhen Dong 1,2, Jiayu Wang 1,2 & Qing Xia 1

Although messenger RNA (mRNA) vaccines have been employed to prevent
the spread of COVID-19, they are still limited by instability and low translation
capacity. Alterations in tRNA abundance and modification, linking codon
optimality, impact mRNA stability and protein output in a codon-dependent
manner, suggesting tRNAas a potential translation enhancer. Here,we report a
strategy named tRNA-plus to augment translation via artificially modulating
tRNA availability. Overexpression of specific tRNAs enhances the stability and
translation efficiency of SARS-CoV-2 Spike mRNA, boosting protein levels up
to 4.7-fold. Additionally, chemically synthesized tRNAs bearing multiple site-
specific modifications, particularly at the anticodon-loop and TΨC-loop,
exhibit on average ~4-fold higher decoding efficacy than unmodified tRNAs,
along with increased stability and reduced immunotoxicity. Furthermore,
codelivery of SpikemRNA vaccine and tRNA through lipid nanoparticles elicits
augmented humoral and cellular immune responses in vivo. These results
presented here provide a general approach to elevate mRNA translation
potency, with applications in diverse translation-based fields.

mRNA vaccines have been proven to be viable tools during the cor-
onavirus disease 2019 (COVID-19) pandemic, owing to their safety,
ease of design and synthesis1–3. However, conventional mRNA mole-
cules tend to be chemically unstable and exhibit low protein expres-
sion efficacy, thus compromising their clinical applications as vaccines
and therapeutics4. To address these challenges, efforts to improve the
translation capacity of mRNA are necessary.

mRNA translation output is determined by the overall balance
between translation and degradation5. Existing strategies have pri-
marily focused on optimizing mRNA vectors for better adaptation to
translation machinery or reduced recognition by degradation com-
plexes. For instance, incorporation of 2’-O-methylated Cap analogs,
such as Cap1 and Cap2, enhances the recognition by translation
initiation factor eIF4E, conferring high initiation probability to
mRNA6,7. Codon optimization, combined with increased secondary
structure that extends mRNA lifetime, has been shown to enhance
protein expression8. The use of multi-capped or branched-poly(A)

tailed structures promotes the stability and translation efficiency of
mRNA by augmenting the interaction with eIF4E or poly(A)-binding
protein, while blocking the accessibility of decapping or deadenylation
enzymes9–11. Similarly, circular RNA (circRNA), which is resistant to
exonuclease cleavage, also promises to broaden the pharmacokinetic
window of mRNA12,13. However, these RNAs are inevitably limited by
issues related to RNA design, modifications incompatibility, synthesis,
yields and scalability. Therefore, we assumed that a translation
enhancer could augment protein output without any complicated
manipulations in mRNA sequence and structure.

Transfer RNAs (tRNA), the primary interpreters of genetic codes,
dynamically vary in their abundance and modification (tRNA avail-
ability), modulating the translation efficiency and accuracy ofmRNA in
a codon-specificmanner14–16. To ensure effective protein synthesis and
maintain cellular homeostasis, the anticodon demand of mRNAs must
be balanced with the cellular tRNA supply17. Distinct tRNA signatures
correlated with the codon usage of highly expressed proteins have
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been well characterized in diverse human tissues, during proliferation
and differentiation, as well as under stress conditions18–21. In general,
codons pairing to high-abundance tRNAs (optimal) are translated
more rapidly than those read by low-abundance tRNAs (non-
optimal)14,22. This concept is termed codon optimality, determined (in
part) by the tRNA availability22,23. In addition to the canonical decoding
function, tRNA is also a major determinant of mRNA stability (Fig. 1a).

mRNA translation and degradation are closely coupled as the state of
translating ribosomes are strictly sensed by degradation
machinery24,25. Specifically,when a ribosomeencounters a non-optimal
codon, it may pause transiently due to the shortage of cognate tRNA,
leaving the A and E sites empty and enabling the engagement of
deadenylation complex to accelerate mRNA degradation24,25. Impor-
tantly, specific tRNAs in the P sites can serve as the adapters to recruit
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the regulatory complex26. Upregulation of tRNA abundance or mod-
ification has been demonstrated to improve codon optimality, and
thereby enhances the stability and translation ofmRNA rich in cognate
codons, associated with tumor metastasis, antibody production in
plasma cells, activation and proliferation of T cells16,22,27–29. Given tRNA
is such an essential translationmachinery, we postulated that artificial
modulation of tRNA availability could achieve the efficient translation
of cognate codon-richmRNAs, termed the tRNA-plus strategy (Fig. 1b).
Recently, AAV- or LNP-delivered engineered tRNAs have emerged as
potential therapeutics for premature termination codons (PTC) dis-
eases, promising the in vivo safety and efficacy of tRNAs30–32. We fur-
ther hypothesized that inclusion of tRNA into mRNA vaccine could
augment its translation capacity and immunogenicity.

In this study, we systematically scored codon contributions to the
stability of SARS-CoV-2 Spike mRNA through a combined analysis of
codon usage and codon optimality, which linked codon content to
mRNA stability. Our results demonstrated that tRNAs corresponding
to high-scoring codons were of significant capability in promoting
protein expression. In addition, since modifications are crucial for
tRNA functionality, we engineered and synthesized tRNAs with multi-
ple site-specific modifications, specifically at the anticodon
loop–which modulate the decoding rate and fidelity–and the TΨC
loop that enhance the affinity for elongation factor33–35. Furthermore,
we leveraged an LNP system for codelivery of Spike mRNA and tRNA,
termed the mRNA-tRNA vaccine, to assess the spike-specific humoral
and cellular immune responses in vivo.

Results
Selection of potential tRNAs to promote Spike mRNA
translation
The differential expression of genomes and long-term coevolution
between codons and tRNAs shapehost codonusagebias, implying that
the codon adaptation extent of an exogenous gene could influence its
protein expression in the host36. Codon usage analysis showed that ten
codons (TTC, CTG, GTG, ATC, AAC, AGC, GCC, ACC, AAG, TAC) were
1.67- to 2.65-foldmore extensively used in SARS-CoV-2Spike (B.1.1.529)
mRNA compared to the host, suggesting higher demands for the
corresponding tRNA anticodons (Fig. 1c and Supplementary Table 1).
Codons can be divided into optimal and non-optimal categories
according to their codonoptimality and codon stable coefficient (CSC)
—defined as the Pearson correlation coefficient between mRNA stabi-
lity and codon occurrence37. Increasing codon optimality has been
shown to enhance the stability and translation efficiency of mRNAs
rich in cognate codons, thereby elevating protein output22,37. The CSC
analysis revealed that Spike mRNA consisted of 856 optimal codons
and 414 non-optimal codons (Fig. 1d). To quantify the contribution of
each codon to mRNA stability, a scoring system based on the joint
analysis of codon frequency and CSC was established. These stability
scores represent the cumulative regulatory effects of codon content
on mRNA translation (Fig. 1e and Supplementary Table. 1).

Accordingly, tRNAs corresponding to codons (either optimal or non-
optimal) with high absolute scores were thought to have the potential
to promote the translation of target mRNAs.

Considering that multiple tRNA isodecoders can recognize the
same codon, selection of tRNA variants with high decoding efficiency
is essential38. Engineered tRNAs derived from natural tRNAs with
altered anticodons could achieve PTC suppression, and their read-
through efficacy may be indicative of the decoding ability of cognate
tRNAs39. This suggests that tRNA isodecoders demonstrating high
readthrough activity should be prioritized. For instance, among the
multiple tRNAAlaAGC isodecoders, tRNAAlaAGC-2-1 was ultimately
selected based on the high readthrough efficiency of its engineered
tRNA-CUA variant, high cellular abundance, and favorable tRNAScan-
SE scores40 (Supplementary Fig. 1). Notably, several hyperutilized
codons, which lack complementary tRNA genes based on the Watson-
Crickbase-pairing rules, suchasGCC (tRNAAlaGGC),ACC (tRNAThrGGT),
and CCC (tRNAProGGG), are decoded via wobble base-pairing of tRNAs,
implying a possibility that conversion of Wobble-tRNAs (referred to
near-cognate tRNAs) into Watson-Crick-tRNA (referred to cognate
tRNAs) could improve their decoding efficiency.

In addition, tRNA profiling of SARS-CoV-2-infected versus unin-
fected Vero E6 cells revealed significant upregulation of several tRNA
isodecoders, including tRNAValTAC-2-1, tRNAHisGTG-1-1/-2-1,
tRNAGlyGCC-1-1/-5-1, tRNAGluTTC-3-1, and tRNAGluCTC-1-1, probably to
meet the increased anticodon demand during viral amplification
(Fig. 1f). Conversely, certain tRNA molecules showed decreased
abundance upon viral infection, suggesting repressed transcription or
active degradation as the plausible mechanism leading to such drastic
downregulation21 (Fig. 1f). Furthermore, the SARS-CoV-2 non-
structural protein 1 (Nsp1) has been shown to inhibit host translation
while fostering viral translation41, which indicated that the reduced
host translation demand may drive this alteration of tRNA levels.
Collectively, the primary tRNA library consisting of 34 tRNAs was
divided into optimal, less optimal, non-optimal, and less non-optimal
tRNAs according to the stability scores of their cognate
codons (Fig. 1g).

Overexpression of tRNA increases spike protein synthesis
To evaluate tRNA functionality in promoting the translation of Spike
mRNA, constructs expressing Spike-2A-EGFP and natural tRNA were
co-transfected into HEK293T cells (Fig. 1h). As tRNA abundance is
crucial for ribosome decoding efficiency14, a 1:4 ratio of Spike to tRNA
was found to outperform other ratios and was applied to subsequent
screens (Fig. 1i-j and Supplementary Fig. 2a). Our results showed that
many of these tRNAs improved spike protein expression, with optimal
tRNAs being more effective than non-optimal tRNAs (Fig. 1k and Sup-
plementary Fig. 2b-c). For optimal tRNAs, the overexpression of sev-
eral tRNAs, including tRNAPheGAA-3-1, tRNALeuCAG-1-1, and
tRNAAlaGGC-2-1, showed a considerable improvement in protein
synthesis, resulting in 3.5- to 4.7-fold greater protein levels compared

Fig. 1 | Screens of tRNA in promoting spike protein expression. a Schematic
diagram illustrating the relationship between codon optimality, tRNA availability
andmRNA stability.b Schematics of the tRNA-plus strategy, showing that supply of
tRNA could contribute to faster translation elongation. Figure was generated using
BioRender. c Codon usage analysis of Spike (B.1.1.529) mRNA. d Codon stable
coefficient (CSC) analysis of Spike mRNA. e Combined analysis of the codon usage
and CSC of Spike mRNA. The calculated equation and stability score were shown.
f Differential profiling of tRNA isodecoders expression in SARS-CoV-2-infected
versus uninfected Vero E6 cells. Scattered points on the right of the red line
represent upregulated tRNAs in cells after viral infection, while those on the left
represent downregulated ones. Threshold: |log2FC | > 1 and Padj < 0.05. g Primary
tRNA library consisted of four classes of tRNAs, with those labeled in gray serving as
the control. Figurewas generated using BioRender.hWorkflow for the screening of

tRNAs to increase spike protein expression, assessed by the intensity of enhanced
green fluorescence protein (EGFP) fluorescence and western blotting (WB). Con-
structs expressing Spike-E2A-EGFP and natural tRNA are shown. Figure was gen-
erated using BioRender. i Determination of the optimal ratio of Spike to tRNA
plasmid, ranging from 1:1 to 1:4. Representative fluorescence images and quantifi-
cation of the relative fluorescence intensity of EGFP using ImageJ software (n = 3
biological replicates). Blank vector was used as the control. Scale bars, 100μm.
j Relative expression of spike protein normalized to the control in (i). Data are
presented as the mean value of two biological replicates. k Quantification of spike
protein expression following overexpression of different tRNAs (n = 3 biological
replicates). Statistical significancewas analysedusingone-way ANOVAanalysis with
Dunnett’s correction (i, k). NS, not significant. Data are presented as mean ± s.d.
Source data are provided as a Source Data file.
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to the control. Among non-optimal tRNAs, tRNAProAGG-1-1 led to the
highest increase in protein expression, followed by tRNAHisGTG-2-1.
Notably, tRNAAlaGGC-2-1, derived from tRNAAlaAGC-2-1, exhibited
superior performance compared to its original sequence, consistent
with previous findings that codons decoded via wobble pairing are
translatedmore slowly than those read byWatson-Crick pairing42. This
suggested that the existing sequences of natural tRNAs may not be
optimized for maximal translation efficiency. For tRNAs varied during
viral infection, overexpressing upregulated tRNAs (tRNAGlyGCC-5-1,
tRNAGluCTC-1-1, tRNAGluTTC-3-1, and tRNAHisGTG−2-1/-1-1) yielded
higher protein production than those of downregulated tRNAs
(tRNAGluCTC-3-1, tRNASecTCA-1-1), with tRNAHisGTG-2-1 being the most
potent among them. Such enhanced efficacy was absent when tRNAs
with low tRNAScan-SE scores (tRNAPheGAA-11-1) or low absolute stabi-
lity scores (tRNATyrATA-1-1, tRNAGlnCTG-6-1) were overexpressed
(Fig. 1k and Supplementary Fig. 2b-c). Furthermore, given the docu-
mented variations in tRNA pool composition across distinct cell
types18,20, we then selected functionally verified tRNAs to validate the
effects originating fromHEK293T system in HepG2 cells. Consistently,
overexpression of tRNAs (including tRNAPheGAA-3-1, tRNAIleGAT-1-1,
tRNALeuCAG-1-1, and tRNAAlaGGC-2-1) significantly enhanced spike
protein production, demonstrating the feasibility of tRNA-plus inother
cellular systems (Supplementary Fig. 2d). Moreover, a positive corre-
lation between protein levels and actual or absolute stability scores
(r = 0.52 or 0.54, respectively) was observed, particularly for the
functional tRNAs (r = 0.68 or 0.63, respectively), supporting that
tRNAs correlated with high-scoring codons held the promise for
enhancing protein expression (Fig. 2a, b).

tRNA overexpression synergizes with codon optimization
Given that codon optimization modulates the codon usage of an
exogenous gene, whereas tRNA-plus alters the decoding rates of
cognate codons, we anticipated that combination of both strategies
could synergistically realize higher protein production than exclusive
utility (Fig. 2c). Spike-OP (codon-optimized) mRNA containing 1021
optimal codons and 249 non-optimal codons showed higher stability
score than Spike-WT according to the scoring system (Fig. 2d, e).
Likewise, tRNAPheGAA, tRNALeuCAG, tRNAValCAC, and tRNAAlaGGC were
considered effective for improving Spike-OP translation. These, along
with tRNAHisGTG-2-1, were chosen for subsequent verification
(Fig. 2d, e). As expected, overexpressing these tRNAs enhanced pro-
tein expression irrespective of codon optimization, with Spike-OP
producing much more protein than Spike-WT, implying an increased
upper limit of protein expression capacity (Fig. 2f).

In addition, to determine whether tRNA-plus could improve viral
packaging efficiency, a lentivirus-based spike pseudovirus packaging
system was established, in which spike protein was expressed from
either a lentivirus envelope vector (PMD2.G) or an Epstein-Barr Virus
(EBV)-based vector (PCE) (Fig. 2g). Compared to PMD2.G control, the
PCE vector,which contains the EBNA1-OriP element known to facilitate
the transcription of downstream genes43, resulted in a considerable
increase in pseudoviral packaging by elevating spike protein expres-
sion (Fig. 2h–j). This suggested spike protein served as a crucial
determinant of viral packaging. Similarly, stable overexpression of
tRNALeuCAG-1-1 significantly boosted both spike protein production
and viral packaging, leading to a 4.62-fold increase in viral titer
(Fig. 2k–m). Together, these findings demonstrated the efficacy of
tRNA-plus strategy in enhancing protein expression, which was further
augmented through combination with other approaches like codon-
optimization.

tRNA-plus enhances the stability and translation efficiency of
Spike mRNA
Translation affects the stability of mRNA in a codon-dependent
manner37 that is closely correlated to codon composition and

optimality22,44. Optimal and non-optimal codons tend to pair with
tRNAs that are highly or poorly expressed, respectively45, suggesting
that tRNA may also be a major determinant of mRNA stability. To
assess whether changes in tRNA levels impact mRNA stability, α-
amanitin-mediated or Tet-off-induced mRNA stability measurements
were performed in tRNA-overexpression (tRNA-OE) and control cells,
both pre-transfected with spike plasmids (Fig. 3a–d). Cells stably
overexpressing tRNALeuCAG-1-1 or tRNAAlaGGC-2-1 were described as tL
or tA, respectively (Fig. 3e, f). As expected, both transient and con-
sistent upregulation of tRNAs enhanced Spike mRNA stability, with
observed inter-group differences indicating a codon-specific effect
(Fig. 3b, c, g, h).

To determine whether this effect was limited to mRNA with a
specific degree of codon-optimization, EGFP variants with distinct
codon usages (EGFP-OP and DOP-1/2/3) were tested in HEK293T-
mCherry cells (Supplementary Fig. 3a). Consistent with their stability
scores, EGFP variants harboring higher proportions of optimal codons
exhibited higher mRNA levels than those with fewer optimal codons
(Supplementary Fig. 3b). Likewise, overexpression of tRNAs increased
the mRNA stability and protein production of all EGFP variants, espe-
cially the codon-deoptimized form such as EGFP-DOP-3, indicating
that tRNA-plus functioned similarly to codon-optimization (Supple-
mentary Fig. 3c, d). In addition, to exclude the interference caused by
simultaneous alteration of multiple codons in translation, we per-
formed a codon mutagenesis experiment in which every optimal AAG
codon in the EGFP-OP coding sequence was switched into the synon-
ymous non-optimal AAA codon, resulting in a less optimal variant
EGFP-AAA (Supplementary Fig. 3e). In contrast to the tRNAValCAC
control, tRNALysTTT overexpression demonstrated a considerable
improvement in EGFP-AAA expression than EGFP-OP, implying a
codon-specific effect of upregulated tRNAs on target mRNA (Supple-
mentary Fig. 3f–h).

Since altered tRNA levels directly impact the decoding rate of
cognate codons, quantitative protein expression assays and ribosome
profiling were conducted in tRNA-OE and WT cells to assess the
changes in translation efficiency (Fig. 3i). We observed that stable
overexpression of tRNALeuCAG-1-1 and tRNAAlaGGC-2-1 substantially
increased spike protein output in terms of the same plasmid ormRNA
input, which indicated a markedly enhanced translation efficiency
(Fig. 3j). Moreover, ribosome profiling revealed that overexpressed
tRNA conferred higher ribosomal occupancy to Spike mRNA, with
distinct ribosomal signatures for different tRNAs, confirming the
augmented translation capacity of target mRNA (Fig. 3k and Supple-
mentary Fig. 4a, b). Additionally, to investigate whether tRNA upre-
gulation had an impact on gene expression at both RNA and protein
levels, we carried out RNA-seq experiment and quantitative pro-
teomics in tRNA-OE cells and WT control cells. Differential expression
analysis revealed that neither tRNALeuCAG-1-1-OE nor tRNAAlaGGC-2-1-
OE induced global changes in RNA or protein expressions (Supple-
mentary Fig. 4c–j). However, since previous studies demonstrated that
upregulation of tRNAGluUUC globally modulated the translation of
endogenousmRNA in a codon-specific manner16,46, we speculated that
this effect may depend on certain tRNA species and tRNA expression
duration. In particular, consistent tRNA overexpression could poten-
tially drive the transcriptomic and proteomic reprogramming through
persistent codon-anticodon interactions. Ultimately, we concluded
that alterations in tRNA levels were coupled with other translation
machinery to coordinately regulate the translation and degradation of
mRNA rich in cognate codons.

Modifications are necessary for RNA functionality
Given that tRNA-plus showed significant efficacy in enhancing protein
expression,wepostulated that combining tRNA into SARS-CoV-2 Spike
mRNA vaccine could augment its translation capacity, thereby gen-
erating mRNA-tRNA vaccines that produce more antigen and elicit
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stronger immune responses. For mRNA-tRNA-based vaccines, three
components are necessary: (1) mRNAs with efficient translation capa-
city, (2) tRNAs with high decoding ability, and (3) an LNP codelivery
system.

Modified nucleotides are commonly incorporated into in vitro-
transcribed (IVT) mRNAs to reduce immunogenicity and improve

translation capacity47. Consistent with previous findings48, we
demonstrated that complete substitution of U with m1Ψ achieved the
highest encoding efficiency among various modifications. Replace-
ment of A with Z decreased the translation capacity of mRNA, which
was compensated for by converting the poly(Z) tail into poly(A) tail.
Although N6-methylA (m6A) and N7-methylG (m7G) were compatible
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with T7 RNA polymerase, they unexpectedly abolished the encoding
ability of mRNA, suggesting the site-specific functional regulation of
these modifications (Supplementary Fig. 5a–c).

Similarly, the decoding capacity of tRNA is determined by its
primary sequence, overlaid by extensive posttranscriptional mod-
ifications, some of which may improve its decoding efficiency49.
Hypomodified tRNAs exhibit reduced decoding accuracy and rates
due to the unstable codon-anticodon pairing with mRNAs. For
instance, hypomodification of m1G37 leads to +1 frameshifting and
dysregulation of mRNA abundance by nonsense-mediated decay50,51.
To assess the function of in vitro-synthesized (IVS) tRNAs in enhancing
spike protein expression, IVS-tRNAs were co-transfected into
HEK293T cells with either S-2P-Nluc or S-2PmRNA at amass ratio of 1:1
(Supplementary Fig. 5d, e). tRNALeuUUA-1-1derived from tRNALeuCAG-1-
1 specifically recognized the nonsense codon UAA serving as the
control. By contrast, unmodified tRNAs were associated with a
reduction in spike protein expression, perhaps owing to the transient
increase in unmodified tRNAs competitively inhibiting the access of
functionalized cognate tRNAs to the ribosomal A-sites, resulting in
diminished overall decoding rates of cognate codons (Supplementary
Fig. 5f–h). This indicates that appropriate modifications are essential
for tRNA functionality.

Engineering modified suppressor tRNA for high decoding
efficiency
Considering the overall performance of tRNAs, tRNALeuCAG-1-1
(denoted as Lt) was selected to investigate the effects of site-specific
modifications on its decoding ability. Modifications that have been
frequently studied, including those located at the D-loop (Gm18),
anticodon loop (m5C34, Cm34, m1G37), and TΨC-loop (Ψ55, m1A58),
were incorporated into the sequence of sup-tRNALeuCUA (denoted as
Lst), derived fromLtwith altered anticodon, resulting in the respective
variants Lst-1 ~ 6 (Fig. 4a, b). For the initial screen, sup-tRNAs and
EGFP39UAG mRNA were co-transfected into HEK293T cells, and the
readthrough activity of sup-tRNA could reflect the decoding ability of
cognate natural tRNA (Fig. 4c). As expected, modifications in the
anticodon loopmarkedly improved the readthrough ability of Lst, with
Lst-3 (Cm34) exhibiting the highest efficiency, probably due to the
wobble modification Cm34 that enhances the codon-anticodon inter-
actions on ribosomes52. In addition, m1A58, which has been shown to
increase the affinity of tRNAs for the elongation factor eEF1A35, also
contributed to a substantial PTC suppression (Fig. 4d, e and Supple-
mentary Fig. 6a).

Since interactions between modified nucleotides or between
nucleotides and charged amino acids residues are thought to facilitate
tRNA functionality53, multiple functionally relevantmodifications were
then simultaneously introduced into tRNA (Fig. 4a). For Cm34-
modified tRNAs, the further incorporated modifications led to a sig-
nificant increase in PTC suppression efficiency, particularlym1G37 that

promotes the translation fidelity and decoding rate of tRNA via stabi-
lizing tRNA-ribosome interactions50,54 (Fig. 4d, e and Supplementary
Fig. 6a). Besides, m1G37 markedly compensated for the reduced ami-
noacylation efficacy resulting from Cm34, which elevated the con-
centrations of functional tRNAs (Fig. 4f).

Next, to assess whether these introduced modifications could
strengthen tRNA stability, HEK293T cells constitutively expressed
Secretory (Sec) Nluc133UAG were used. Briefly, the readthrough of
SecNluc133UAG mRNA occurred only in the presence of sup-tRNA-CUA,
and thus tRNA levels could be inferred from the luminescence of
SecNluc protein. This enabled tRNA half-life to be determined from
real-time monitoring of SecNluc expression (Supplementary Fig. 6b).
Notably, we observed that m1A58-modified tRNAs, such as Lst-6 (t1/2
6.117 h) and Lst-11 (t1/2 5.721 h), were more stable than Lst (t1/2 5.368 h),
perhaps owing to the increased affinity for eEF1A that prevented
modified-tRNA from degradation by the rapid tRNA decay (RTD)
pathway55. Moreover, the interplay between Gm18 and Ψ55 that has
been demonstrated to stabilize the L-shaped structure of tRNA56,57,
further lengthened tRNA half-life, such as Lst-13 (t1/2 7.529 h) (Fig. 4g
and Supplementary Fig. 6c). Conversely, incorporation of any other
modifications into m5C34-modified tRNA markedly reduced PTC
readthrough, along with the attenuated aminoacylation efficacy and
decreased stability (Fig. 4d–g). Together, these findings indicate that
modifications within the anticodon loop exert the strongest effect on
the decoding capacity of tRNA, whereas modifications outside of this
region enhance the stability of tRNA.

Modifications confer enhanced decoding efficiency to
natural tRNA
To test the applicability of conclusions drawn from sup-tRNAs,
identical modifications were introduced into Lt-CAG, resulting in a
series of variants Lt1 ~ Lt13. In the initial evaluation, tRNAs were co-
transfected into HEK293T cells with 5 × CUG-mCherry mRNA using
Trans-It (Fig. 5a). Under normal circumstances, the successive CUG
codons located in the 5’ of mRNA impede the translocation of ribo-
somes due to the shortage of cognate tRNAs. Upon tRNA over-
expression, ribosomes can pass through this region more easily,
contributing to faster translation. For a given tRNA input, a tRNAwith
stronger decoding ability could achieve higher mCherry expression
(Fig. 5a). Similarly, modifications in the anticodon loop significantly
improved the decoding ability of Lt, with Lt-4 (m1G37) being themost
potent among single-modified variants, probably because of its high
aminoacylation efficiency (Fig. 5b–d). Moreover, the overexpression
of multiple-modified tRNAs, including Lt-8, Lt-10, Lt-12, and Lt-13,
demonstrated a 1.96- to 2.22-fold increase in the decoding efficiency
(Fig. 5b–d). In contrast to Lst, m5C34-modified tRNAs performed
better than Cm34-modified tRNAs, possibly resulting from the
structural deviations between Lt and Lst (Fig. 5b and Supplemen-
tary Fig. 7b).

Fig. 2 | tRNA-plus enhances the translation of codon-optimized Spike mRNA
and packaging of Spike pseudovirus. a, b Relationship between spike protein
expression and actual or absolute stability scores of codons corresponding to all or
functional tRNAs (n = 3 biological replicates). c Schematic diagram illustrating
more rapid translation resulting from the combination of codon-optimized mRNA
and tRNA overexpression. Figure was generated using BioRender. d Codon usage
analysis of codon-optimized SpikemRNA (S-OP). e Joint analysis of the codonusage
and CSC of S-OP. The stability score was shown. f Representative western blot
images showing increases in spike protein expression following tRNA over-
expression. Left, S-OP; right, S-WT. The experiment was independently repeated
three times with consistent results. g Left, schematics depicting that spike pseu-
dovirus infects host cells through S1-ACE2 interaction; right, constructs expressing
spike protein and EGFP-2A-Nluc, are used for pseudoviral packaging. Figure was
generated using BioRender. h Representative western blot images and quantifica-
tion of spike protein expression from PMD2.G and PCE vector (n = 3 biological

replicates). i, j Representative fluorescence images of pseudoviral packaging in
HEK293T cells and viral infection in HEK293T-ACE2 cells. Scale bars, 100μm. The
experiment was independently repeated three times with consistent results.
k Schematicdiagramshowing that stablyoverexpressing tRNA could increase spike
protein expression and viral packaging. Figure was generated using BioRender.
l Expression of spike protein in HEK293T and HEK293T-tL cells. Representative
fluorescence images and quantification of theMFI of EGFP by flow cytometry (n = 3
biological replicates). Scale bars, 100μm.mRepresentative fluorescence images of
HEK293T-ACE2 cells infected with pseudovirus and titration of pseudovirus titer
based on the luminescence. Data are presented as themean value of two biological
replicates. HEK293T-ACE2 cells only or HEK293T cells incubated with pseudovirus
servedas the negative control. Scale bars, 250μm.P valueswerecalculatedusing an
unpaired two-tailed t-test (h, l). Data are presented as mean ± s.d. Source data are
provided as a Source Data file.
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Irrespective of tRNA stability and structure, the total decoding
efficiency of tRNA can be simplified into two aspects: (1) the aminoa-
cylation efficiency, reflecting the abundance of charged-tRNAs (t1); and
(2) the partial decoding efficiency, estimated as the ratio of protein
output (p0) to charged-tRNA (t1) (Supplementary Fig. 7a). A more
striking positive correlation was found between the aminoacylation
efficiency and total decoding efficiency of Lst (r = 0.89) compared to Lt

(r = 0.62) that was restricted to single- and double-modified tRNAs
(Supplementary Fig. 7c-d). Although Lst and Lt showed no obvious
correlation in aminoacylation, their respective total and partial
decoding efficiency showed significant positive correlations (r = 0.80
and 0.92, respectively), supporting that the readthrough activity of
sup-tRNA could reflect the decoding ability of cognate natural tRNA
(Supplementary Fig. 7e-g).
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Modifications confer reduced immunogenicity to tRNA
Synthetic tRNAs may stimulate innate immunity through activation of
Toll-like receptors, specifically TLR7 and TLR8, which are activated by
viral or single-stranded RNA58. To assess whether position-specific
modifications of tRNA reduce its immune toxicity,HEK293T-TLR8 cells
consistently harboring a nuclear factor-kappa B (NF-κB) reporter sys-
tem andHEK293T-TLR8 cells were employed (Fig. 5e–g). Compared to
unmodified tRNALeuCAG, variants with individual modifications (such
as Gm18, m1G37, Ψ55, or m1A58) exhibited reduced immunogenicity
(Fig. 5f, g). For m5C34- or Cm34-modified tRNAs, additional modifica-
tions further decreased TLR8-dependent activation, particularly in the
Lt-12 and Lt-13 variants (Fig. 5f, g). This enhanced suppression likely
arises fromeither theGm18-Ψ55 interaction enhancing tRNA structural
rigidity, or the global immune inhibitory Gm18 modification suppres-
sing TLR signaling59,60. To better simulate the recognition of tRNA by
immune cells, a model was established based on THP-1 cells that, after
phorbol 12-myristate 13-acetate (PMA) treatment, differentiated into
M0 macrophages with highly expressed TLR7/8. Consistently, among
all single-modified tRNAs, Gm18-, m1G37-, or Ψ55-modified variants
marginally activated TLR7/8 to the extent of mock transfection
(Fig. 5h). Notably, 2’-O-methylation of C34 in tRNAs (such as Lt-3, Lt-9,
Lt-11) also reduced the immunotoxicity (Fig. 5h). Given the sequence-
specific recognition mechanisms of TLR7/861,62, these immune inhibi-
tory effects may be specific to the tRNALeuCAG sequence, and whether
these modifications confer similar reductions in immunogenicity
across diverse tRNA sequences remains to be determined.

Codelivery of mRNA and tRNA using lipid nanoparticles
A lipid-based formulation for the co-encapsulation of mRNA and tRNA
was established and characterized as follows: diameter (80 ~ 90nm),
polydispersity index (PDI) below 0.2, encapsulation efficiency above
95%, mass ratio of mRNA to tRNA (1:1) (Fig. 6a and Supplementary
Fig. 8a–c). LNPs also showedbatch-to-batch reproducibility in terms of
their encapsulated RNAs and absorption efficiency in HEK293T cells
(Supplementary Fig. 8d–g). For vaccines, sufficient antigen expression
is a crucial determinant for eliciting effective immune responses.
Therefore, we evaluated the protein expression of LNP mRNA-tRNA
preparations in HEK293T cells, using T1 (Lst-UUA) as the benchmark.
These LNPs encapsulatedwith Lt-CAG, Lt-4, Lt-8, Lt-9, Lt-11, Lt-12, or Lt-
13 were described as T2 ~ T8, respectively (Supplementary Fig. 8f). By
contrast, LNPs encapsulated with Lt, including T2, T3, T6, and T7,
exhibited higher protein expression (Supplementary Fig. 8h). Notably,
within the restricted lifetime of Spike mRNA, T7 showed the highest
antigen concentration among the five LNP preparations (Fig. 6b, c).

In vivo immunogenicity of mRNA-tRNA vaccines
The ability of mRNA-tRNA vaccines to induce increased immuno-
genicity in vivowas then tested.Micewere immunized intramuscularly
with two doses of vaccines at an interval of twoweeks, and the levels of
anti-spike IgG, neutralizing antibodies and spike-specific interferon-γ

(IFN-γ), TNF-α, interleukin-2 (IL-2), and IL-4 secreting T cells were
assessed (Fig. 6d). Consistent with the decoding ability of the for-
mulated tRNAs, all mRNA-tRNA vaccines were able to elicit more
robust antibody responses than the benchmark vaccine, with T7 being
the most effective. Specifically, T7 showed a 1.51-fold increase in IgG
titer (9.8 × 105 versus 6.5 × 105) and a 2.52-fold increase in NT50
(Fig. 6e, f).

To compare the cellular immune responses among these groups,
splenocytes of immunized mice were harvested 5 weeks after booster
injection and then stimulated with a SARS-CoV-2 Spike peptide pool,
using DMSO as the negative control. Cytokine secretion by T cells was
quantified by ELISpot assays or by intracellular cytokine staining of
effector memory T cells (Tem, CD44+CD62L-). ELISpot results showed
robust secretion of IFN-γ, TNF, IL-2, and IL-4 in all groups, with higher
secretion of IL-2 than IL-4, demonstrating the induction of a Th1-biased
cellular immune response. Notably, T7 resulted in a significant increase
in IL-2 and IL-4 secretion (Fig. 6g). Consistent with ELISpot results,
quantification of the flow cytometry results indicated that the pro-
portions andnumbers ofCD4+ andCD8+ TEMcells, aswell asCD4+ TEM
cells producing IL-2 and IL-4, were increased in T7. This suggested a
stronger spike-specific CD4+ and CD8+ T cell response elicited by T7
compared to the benchmark T1. Unexpectedly, the percentages of
CD8+ TEM cells secreting IFN-γ and TNF-αwere slightly increased in T1
and T2, probably owing to the formulated unmodified tRNAs with
relatively high immunogenicity acting as adjuvants to enhance the
immune response (Fig. 6h, i, and Supplementary Fig. 9-10). Collec-
tively, these results demonstrated that mRNA-tRNA vaccines induced
augmented humoral and cellular immune responses.

Discussion
Here, we harnessed the potential of tRNA as a translation enhancer to
develop the tRNA-plus strategy, which demonstrated substantial
improvements in protein expression through synergistically enhan-
cingmRNA stability and translational efficiency.We also systematically
engineered and synthesized tRNA bearing multiple chemical mod-
ifications that conferred high decoding ability to tRNA. When com-
bined with Spike mRNA vaccines, tRNA-plus contributed to
augmented spike-specific humoral and cellular immunity in vivo. In
contrast to current strategies that focus on optimizing mRNA vector,
such as circular12, self-amplifying63, multi-capped and multi-tailed
RNAs9,10, we offer a unique perspective: the translation machinery can
be artificially modulated to increase translation capacity without any
complicated alterations in mRNA sequence or structure.

Our findings show that tRNA-plus is functionally akin to codon
optimization (Fig. 2f and Supplementary Fig. 3), as both increase the
optimality of targetmRNA. In comparison, codon optimization adjusts
codon composition to adapt host tRNA signatures, yet is constrained
by tRNA supply36; whereas tRNA-plus improves cognate codon
optimality via upregulating tRNA availability. This underscores the
potency of combining both strategies for synergistically promoting

Fig. 3 | Overexpressed tRNA increases the stability and translation efficiency
of mRNA. a Schematic illustration of how transient tRNA overexpression affects
mRNA stability using α-amanitin-mediated mRNA decay assay or Tet-off-induced
transcription stops of Spike mRNA. Figure was generated using BioRender.
b, c Quantification of Spike mRNA decay rate in each group with transient tRNA
overexpression (n = 3 biological replicates). d Schematic illustration of how stable
tRNA overexpression affects mRNA stability using α-amanitin-mediated mRNA
decay assay or doxycycline induced transcription stops of SpikemRNA. Figure was
generated using BioRender. e Quantification of the tRNA mapped reads for
tRNALeuCAG-1 and tRNALeuCAG-2 in WT and tL cells using tRNA sequencing (n = 3
biological replicates). f Quantification of the relative expression of tRNAAlaGGC-2-1
in WT and tA cells using qPCR (n = 3 biological replicates). g, h Measurements of
mRNA decay rate in each group with stable tRNA overexpression (n = 4 biological

replicates). i Workflow illustration of how stable tRNA overexpression affects the
mRNA translation efficiency, as determined by quantifying the protein output for a
given input of mRNA and ribosomal occupancy in Spike mRNA. Figure was gen-
eratedusingBioRender. j, Representativewesternblot images andquantificationof
spike protein expression, normalized to WT cells (plasmid, n = 4 biological repli-
cates; mRNA, n = 5 biological replicates). Left, Spike plasmid; right, IVT-Spike
mRNA. k Ribosome density profiles of Spike mRNA translation monitored by
ribosome profiling in WT, HEK293T-tL, and HEK293T-tA cells (n = 2 biological
replicates). Red dashed lines denote the start and stop codons of the Spike coding
sequence (CDS). RPM, reads per million mapped reads. Statistical significance was
analysed using unpaired two-tailed t-test (e, f) or one-way ANOVA with Dunnett’s
correlation (b, c, g, h, j). NS, not significant. Data are presented as mean ± s.d.
Source data are provided as a Source Data file.
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protein expression. However, excessively fast elongation rates may
impair co-translational folding by interfering with chaperones binding
to nascent chains, particularly in unstructured regions such as linkers
between structured domains, resulting in the accumulation of mis-
folded, non-functional proteins64,65. Furthermore, upregulating rare
tRNA abundance increases protein misfolding66, implying potential
negative effects of tRNA overexpression on protein quality. Although
non-optimal codons are typically associated with slow translation and

accelerated mRNA degradation, their frequent occurrence within
secondary structures capable of co-translational folding suggests they
could facilitate correct protein folding through slowing ribosomal
elongation rates23,24,64,65. In agreement with previous studies16, we
demonstrate that tRNA-plus enhances the stability, translation effi-
ciency, and ribosomal occupancy of cognate codon-rich mRNA. This
can be elucidated as follows: (1) the upregulated tRNAs are more
available to the ribosomal A-sites, allowing more efficient decoding at
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cognate codons; (2) as translation elongation and initiation are tightly
coupled, the increased elongation rates alleviate the congestion of
ribosomes around the start codon, enabling more ribosomes to enter
the elongation phase24; (3) the increased ribosomal occupancy syner-
gizes with the improved codon optimality, protecting mRNA from
degradation by decay machinery22,37. It is noteworthy that altering
tRNA levels not only affect the decoding of cognate codons, but may
also influence the decoding of both near-cognate and non-cognate
codons via wobble pairing42. Moreover, as the moving ribosome is
sensed by deadenylation complexes11, excessive ribosome loads can
easily cause ribosomal collisions that accelerate mRNA decay67.
Therefore, the future establishment of a comprehensive analysis
method, considering additional factors including mRNA secondary
structures, translation initiation probability, codon distribution, com-
position of host tRNApool, and activity of aminoacyl-tRNA synthetase,
will be helpful for maximizing the efficacy of tRNA-plus44,68.

Our results regarding chemically modified tRNAs indicate that
modifications incorporated in the anticodon loop contribute sig-
nificantly to the decoding efficiency, particularly at the wobble posi-
tion; whereas those outside of the anticodon loop regulate other
properties such as affinity for eEF1A, stability, and immunogenicity.
Combination of functionally relevant modifications or nucleotides with
three-dimensional base interactions further improves tRNA decoding
capacity53. This offers a paradigm and methods for optimizing tRNA
functionality that can be applied in the development of tRNA-based
therapeutics. However, given the > 150 types of modifications, the
modified tRNA design space is prohibitively large, especially for cyto-
plasmic tRNA with an average of 13 modifications33,34,49. Thus, the
development of tRNA sequencing technologies for comprehensive
coverage of modifications within each type of tRNA molecule will be
beneficial. One limitation of this research is that tRNA only contributes
to 30−50% elevation in linear mRNA translation, probably due to the
inherent instability of mRNA and the limited ability of partially func-
tionalized tRNA. This can be compensated for via upregulating tRNA
abundance, replacing with more functionalized tRNA, and combining
multiple tRNAs. Additionally, the use of mRNA with extended lifetime
can expand the translation duration of tRNA8,13, enabling further aug-
mentation of mRNA functions. Although our findings demonstrate the
augmented immune responses elicited by Spike mRNA-tRNA vaccines,
the protection studies against SARS-CoV-2 challenge were not con-
ducted due to the limited availability of live virus. Furthermore, the
long-term safety and efficacy of co-delivered tRNA molecules require
further comprehensive evaluation.

Given tRNA is such a fundamental translation machinery that
serves dual functions in modulating mRNA translation and stability,
the tRNA-plus strategy can theoretically be applied to various
translation-based scenarios, including circRNA- or saRNA-based vac-
cines, in vivo CAR-T therapy29,69, and stem cell fate decision (e.g., by
combining transcriptional factor mRNA with appropriate tRNA)20,70.
Moreover, we envision that cells with customized tRNA signatures will
hold promises for recombinant protein expression, antibody produc-
tion, and viral packaging.

Methods
Plasmids construction
Sequence information for all constructs is provided in Supplemen-
tary information and Supplementary Table 2. To evaluate the func-
tion of tRNA in increasing spike protein expression, sequences
encoding Spike-WT and Spike-OP (SARS-CoV-2 Omicron B.1.1.529)
with EGFP downstream were inserted into the pcDNA3.1-CMV back-
bone using the Uniclone One Step Seamless Cloning Kit (Genesand)
following the manufacturer’s instructions. For 7sk-driven tRNA
plasmids, the tRNA fragments were PCR-amplified through a pair of
complementary primers and assembled into the pcDNA3.1-7sk
backbone via the Gibson assembly strategy. The tRNA gene
sequences were obtained from the genomic tRNA database (http://
gtrnadb.ucsc.edu/). To evaluate the decoding ability of tRNA iso-
decoders, engineered tRNAs with altered anticodon were then PCR-
amplified through a pair of complementary primers and assembled
into the pcDNA3.1-7sk-EF1a-mCherry backbone via the Gibson
assembly strategy. For T7-driven mRNA constructs, elements
including the T7 promoter (TAATACGACTCACTATAAG), 5’UTR
(human beta-globin), multiple cloning site (MCS), 3’UTR (AES-
mtRNR1), and poly(A)-tail (100A) were de novo synthesized in
Nanjing Genscript Company and cloned into an Epstein-Barr Virus
(EBV)-based vector (PCE). Sequences encoding S-2P-WT, S-2P-WT-
Nluc (2 P: K983P, V984P), Flag-EGFP-Myc, Flag-EGFP39UAG-Myc,
5 × CUG-mCherry-Myc were inserted into the MCS of PCE-mRNA
vector via Gibson assembly, respectively. For packaging of Spike
pseudovirus, sequence of Spike-OP was inserted into a lentiviral
envelope vector (PMD2.G) or a PCE vector. The sequence encoding
EGFP-P2A-Nluc, serving as the viral genome, was cloned into the
pLenti backbone. For Tet-Off induced mRNA stability measurement,
elements including the Tet-responsive transactivator (tTA-
Advanced), tight Tetracycline-response elements promoter (PTight),
Spike-E2A-EGFP were cloned into a pcDNA3.1 Vector. To establish
stable cell lines, sequences encoding tRNA, SecNluc133UAG, TLR8, and
NF-κB-EGFP were PCR-amplified and assembled into the pLenti
backbone carrying resistance genes for either hygromycin or pur-
omycin, respectively. For construction of EGFP with different codon
usages, EGFP-OP, EGFP-DOP-1, EGFP-DOP-2, EGFP-DOP-3, and EGFP-
AAA were synthesized and cloned into the pcDNA3.1-CMV backbone,
respectively.

In vitro transcription of linear mRNA
Sequence information for all mRNA products is provided in Supple-
mentary Table 5. DNA plasmids were linearized through double enzy-
matic digestion using Hind III (Thermo Fisher Scientific) and type IIS
restriction enzymeBsmI (ThermoFisher Scientific). Linearized templates
with free-ending poly(A)-tail were then separated by agarose gel elec-
trophoresis and purified with the FastPure Gel DNA Extraction Mini Kit
(Vazyme). Capped and tailedmRNA constructs, including S-2P-WT, S-2P-
Nluc, Flag-EGFP-Myc, Flag-EGFP39UAG-Myc, 5 ×CUG-mCherry-Myc, were
synthesized using the HiSynth T7 Co-transcription RNA Synthesis Kit
(Syngenebio) with complete replacement of uridine with m1Ψ. To study

Fig. 4 | Chemically modified sup-tRNA shows high decoding efficiency and
stability. a Left, Schematic diagram of tRNALeuCAG with modified nucleotide
substitutions in the D-loop (Gm18), the anticodon loop (m5C34, Cm34,m1G37), and
the TΨC-loop (Ψ55, m1A58) highlighted in red. The double-headed arrows linking
two modifications or nucleotides with amino acid indicate the potential interac-
tions between these positions. Middle, the chemical structures of modified
nucleotides. Right, sup-tRNALeuCUA (Lst) with single andmultiplemodifications are
listed in table (Lst-1 to Lst-13). b Sup-tRNALeuCUA derived from tRNALeuCAG
recognizes UAG, whose readthrough efficacy can partially reflect the decoding
ability of tRNALeuCAG. Figure was generated using BioRender. c Screening of IVS-
sup-tRNAs with IVT-EGFP39UAG mRNA in HEK293T cells. The readthrough efficiency
of sup-tRNAs was determined from the fluorescence of PTC-EGFP normalized to

WT-EGFP. IVT, in vitro-transcribed mRNA; IVS, in vitro-synthesized tRNA. Figure
was generated using BioRender. d The readthrough efficiency of sup-tRNAs. Lst-
UUA served as a negative control (n = 3 biological replicates). e Representative
western blotting images in (d). f, Aminoacylation efficacy of sup-tRNAs determined
by the in vitro aminoacylation assay (n = 3 biological replicates). g, Stability of sup-
tRNAsdetermined by themethod based on theHEK293T-SecNluc133UAG cell line (see
Supplementary Fig. 6b). Left, Relative luminescence of SecNluc protein in the
supernatants over time, normalized to that of 2-hr point (n = 3 biological repli-
cates); right, half-lives of tRNAs determined by one phase decay nonlinear regres-
sion in Prism (GraphPad) are listed. Statistical significance was analysed using one-
wayANOVAwithDunnett’s correlation (d, f). NS, not significant. Data are presented
as mean ± s.d. Source data are provided as a Source Data file.
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the influence of different modifications in the translation capacity of
mRNA, Flag-EGFP-Myc mRNAs were transcribed either without or with
one of the following modifications: modified U (Ψ, m1Ψ, mo5U, m3-
mo5U), modified C (m5C), modified A (m6A, Z), modified G (m7G)
(Syngenebio). The EGFP (m6A)-poly(A)-mRNA and EGFP (Z)-poly(A)-
mRNA were generated from a PCR-amplified template without poly(A)-
tail, andwere subjected to co-capped transcription usingHiSynth T7Co-
transcription RNA Synthesis Kit (Syngenebio) and tailing using E. coli
poly (A) polymerase (Novoprotein). These resulting mRNAs were pur-
ified using VAHTS RNA Clean Beads (Vazyme). mRNA concentrations
were quantified using NanoDrop.

Cell culture
HEK293T (CRL-3216), THP-1, HepG2 cell lines were maintained in our
laboratory. The HEK293T-hACE2 cell line was purchased from Bio-
dragon Inc. (Beijing, China). The HEK293T-tRNALeuCAG (HEK293T-tL),
HEK293T-tRNAAlaGGC (HEK293T-tA), HEK293T-mCherry, HEK293T-
SecNluc133UAG, HEK293T-TLR8 and HEK293T-TLR8-NF-κB-EGFP cell
lines were generated in our laboratory. These HEK293T cell lines and
HepG2 cells were cultured in Dulbecco’s Modified Eagle Medium
(Gibco) with 10% fetal bovine serum (FBS) (Excell), supplemented with
1% penicillin-streptomycin (D10 medium), in a 5% CO2 incubator at
37 °C. The THP-1 cells were maintained in RPMI-1640 medium (Gibco)

Fig. 5 | Modifications confer enhanced decoding efficiency and reduced
immunogenicity to natural tRNA. a Top, workflow of assessing the decoding
ability of tRNAswith 5 ×CUG-mCherrymRNA inHEK293Tcells.Middle andbottom,
schematic diagram illustrating how thismethod works. Briefly, in normal situation,
the successive CUG codons impede the movement of ribosomes due to the lack of
tRNALeuCAG.Overexpression of cognate tRNAs alleviates the ribosomal traffic jam
in this region and contributes to more rapid translation, the extent of which is
associated with the decoding ability of input tRNAs. Figure was generated using
BioRender. b, c Representative fluorescent images and quantification of the
expression of mCherry using flow cytometry, normalized to that of Lt-CAG. Lst-
UUA and Lst-CUA served as the negative controls (n = 3 biological replicates). Scale
bars, 100μm. d Aminoacylation efficacy of tRNAs determined by the in vitro ami-
noacylation assay (n = 3 biological replicates). e, f HEK293T-TLR8-NF-κB-EGFP cell

line was used to measure the immunotoxicity of IVS-tRNA, as indicated from the
percentage of EGFP positive cells (n = 3 biological replicates). Left, 0.2μg of IVS-
tRNA; right, 0.4 μg of IVS-tRNA. Figure was generated using BioRender. g TLR-
dependent activation by IVS-tRNA was monitored in HEK293T-TLR8 cells with IL-8
secretion as the quantitative indicators (n = 3 biological replicates). Left, 0.2μg of
IVS-tRNA; right, 0.4 μg of IVS-tRNA. h Schematic diagram showing that tRNA
immunogenicity was evaluated in M0 macrophages derived from THP-1 cells pre-
treated with PMA. R848, an agonist that activates both TLR7 and TLR8, served as a
positive control. Mock, mock-transfected cells (n = 3 biological replicates). Figure
was generated using BioRender. Statistical significancewas analysed using one-way
ANOVAwithDunnett’s correlation (b,d, f,h).NS, not significant. Data arepresented
as mean ± s.d. Source data are provided as a Source Data file.
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with 10% FBS (Gibco) and 55mM 2-mercaptoethanol (Sigma-Aldrich)
(R10 medium) in a 5% CO2 incubator at 37 °C.

Generation of stable cell lines
For lentivirus generation, HEK293T cells were seeded onto 100mm
dishes and grown to approximately 70% confluency the next day. 1.5 µg
of pRSV-Rev (Addgene, plasmid no. 12253), 3.5 µg of pMD2.G

(Addgene, plasmid no. 12259) and 5 µg of pMDLg/pRRE (Addgene,
plasmid no. 12251) packaging vectorswere co-transfectedwith 10 µg of
the appropriate pLenti-backboned targeting plasmids using 60 µl of
polyethylenimine (PEI, Polysciences). After 8 h, the media were
exchanged. Culture supernatants were harvested 48 h post-transfec-
tion, centrifuged at 1000× g for 10min, and filtered through a 0.45 µm
filter (Millipore). Viral particles were precipitated at 4 °C using PEG-it
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virus precipitation solution (SBI) for another 24h. The lentiviral par-
ticles were then obtained by centrifugation at 4000 × g for 30min,
resuspension with DMEM in 1/50 of the supernatant volume (50×
concentrated), and preservation in -80 °C. For cell transduction,
50 ~ 100 µl of the appropriate virus was used to infect HEK293T cells in
the presence of polybrene (8 µgml-1, Macgene). Medium was replaced
24 h later. Antibiotic selection was performed with hygromycin
(300 µgml-1) or puromycin (10 µgml-1) for 2-7 days alongside untrans-
duced control cells, starting at 48 h after transduction. Stable cell lines
were established as follows: HEK293T-tL, HEK293T-tA, HEK293T-
mCherry, HEK293T-SecNluc133UAG, HEK293T-TLR8, andHEK293T-TLR8-
NF-κB-EGFP. For tRNA stable overexpression constructs, tRNALeuCAG-
1-1 and tRNAAlaGGC-2-1 (tRNAAlaAGC-2-1 with anticodon altered into
GGC) sequences were used.

Western blotting
Cellular lysateswere collected using ice-cold RIPA buffer with protease
and phosphatase inhibitors (Solarbio). Cellular debris was removed by
centrifugation at 16,000 ×g for 12min at 4 °C. Samples were boiled
with loading buffer, separated by SDS-PAGE, transferred to a poly-
vinylidene difluoride membrane (Millipore), blocked, and incubated
with target-specific antibody: (1) anti-SARS-CoV-2 Spike (SinoBio,
40592-MM117; 1:3000), anti-GAPDH (SinoBio, 10094-MM13; 1:10,000);
(2) anti-Flag-tag (Biodragon, B1084; 1:5000), anti-β-Tubulin (Bio-
dragon, B1031; 1:10,000). Subsequently, the primary antibodies were
bound to IRDye® 680RD Goat anti-Mouse IgG Secondary Antibody
(LICOR, 926-68070; 1:15,000). The membrane was then imaged using
the Odyssey® Sa Infrared Imaging System at Peking University State
Key Laboratory of Natural and Biomimetic Drugs. The grayscale
intensity of the western blot bands was quantified using ImageJ
software.

Spike B.1.1.529 pseudovirus production and titration
Thegenerationof lentiviral-basedSpikepseudoviruswasperformedas
previously described71 with somemodifications. In brief, PMDLg-PRRE,
pRSV-Rev, PCE-CMV-S-OP, and pLenti-EGFP-Nluc plasmids were co-
transfected into HEK293T cells using PEI (Polysciences). The media
were replaced after 8 h, and supernatants containingpseudoviruswere
collected at 48-60 h after transfection. The supernatants were filtered,
precipitated, concentrated 100-fold, and stored at -80 °C until use. For
titration of pseudovirus, HEK293T cells and HEK293T-ACE2 cells were
seeded at a density of 4 × 104 cells per well in D10 medium in 96-well
plates precoated with poly-L-lysine (Millipore). The next day, pseu-
dovirus was serially diluted 2-fold in D10 medium, starting at a 1:10
dilution, and incubatedwith cells. UntreatedHEK293T-ACE2 cells (cell-
only) and HEK293T cells treated with pseudovirus (virus-only) were
used as the negative controls. After incubation at 37 °C for 48–60h,
the supernatant of each well was aspirated and replaced with 50 µl of
fresh medium and 50 µl of Nano-Glo Luciferase reagent (Promega).
Luminescence was then measured on a TriStar2S LB942 Multimode

Microplate Reader, and viral titer was determined by plotting RLUs
against virus dilution.

RT-qPCR
First, the medium was removed and 500 µl of TRIzol reagent (Invitro-
gen) was added to each well of 12-well plate. Total RNA was extracted
from the cell lysate using the Direct-zol RNA MiniPrep Kit (Zymo
Research) according to themanufacturer’s protocol. The isolated RNA
was quantified using Nanodrop. Then, 1μg of total RNA was reverse
transcribed into cDNA using Hifair® II 1st Strand cDNA Synthesis Kit
(Yeason). Quantitative PCR was performed using Hieff® SYBR Green
Master Mix (Yeason) on a LightCycler® 480 Instrument II. The qPCR
primers for GAPDH, 18S rRNA, Spike, EGFP-OP, DOP-1, DOP-2, DOP-3,
mCherry, and tRNAAlaGGC-2-1 are provided in Supplementary Table 4.
This analysis was performed using ΔΔCT method. Gene expressions of
Spike and tRNAAlaGGC-2-1 were normalized to GAPDH, while expres-
sions of EGFP-OP, DOP-1, DOP-2, and DOP-3 were normalized to
mCherry.

mRNA decay assay
Cells were seeded at 4 × 105 cells per well in 12-well plates in D10
medium. Twenty-four h after seeding, cells were transfected with
plasmids using PEI (Polysciences). Thirty-six hours after transfection,
the media were spiked with 10μgml-1 of α-amanitin (APExBIO) to
selectively inhibit the transcriptional activity of eukaryotic RNA poly-
merase II. In terms of Tet-Off Spike plasmid, doxycycline (MCE) was
added to a final concentration of 0.5μgml-1 to selectively turn off the
transcription of Spike mRNA. Total RNA was then extracted using the
Direct-zol RNA MiniPrep Kit (Zymo Research) at 0-hr and 8-hr time
points after α-amanitin or doxycycline treatment. To measure the
stability of Spike mRNA upon transient tRNA overexpression, a mix-
ture of spike plasmid and tRNA plasmid was transfected into
HEK293T cells. As for stably overexpressing tRNA, spike plasmid alone
was transfected into HEK293T-mCherry (WT, control), HEK293T-tL,
and HEK293T-tA cells. For EGFP mRNA stability assessments, EGFP
variants were transfected into HEK293T-mCherry cells with tRNA
plasmid. QPCRwas employed to detect the relative quantities of target
transcripts at different time points using 18S rRNA, GAPDH, or
mCherry as an endogenous control.

Transfer RNA sequencing
For tRNA profiling, 3 × 106 HEK293T-mCherry (control), HEK293T-tL
and HEK293T-tA cells were subjected to total RNA extraction using
TRIzol reagent (Invitrogen). The subsequent tRNA sequencing was
conducted by CloudSeq Inc. (Shanghai, China). Briefly, total RNA was
subjected to small-RNA ( < 200nt) extraction using the MirVana Isola-
tion Kit (Thermo Fisher Scientific). The enriched small RNAs were then
deacylated in 100mM Tris-HCl (pH 9.0) and 1mM EDTA at 37 °C for
30min. tRNA libraries were constructed with the GenSeq® Small RNA
Library Prep Kit (GenSeq, Inc) according to the manufacturer’s

Fig. 6 | mRNA-tRNA vaccines elicited stronger humoral and cellular immunity.
a Left, schematic diagram showing that LNP formulation consisted of tRNA, Spike-
mRNA, ionizable lipid, PEG2000-DMG, DSPC and cholesterol. Right, abbreviation
of LNPs and tRNAs. T1 (Lst-UUA) was used as the benchmark vaccine. Placebo
(blank LNP) was used as a negative control. Figure was generated using BioRender.
b, c Dynamic changes of RNA levels and antigen concentrations of LNP formula-
tions transfected in HEK293T cells (n = 3 biological replicates). d Schematic dia-
gram of themRNA-tRNA vaccination, antibody detection, and splenic lymphocytes
detection in BALB/c mice. Figure was generated using BioRender. e Measurement
of the IgG antibody endpoint GMTs elicited by the mRNA-tRNA vaccines using
ELISA (n = 8 mice in each group). f Quantification of the NT50 of mRNA-tRNA
immunized mouse sera by Spike B.1.1.529 pseudovirus neutralizing assay. The sera
were collected 2weeks after the booster injection (T1 ~ T7,n = 8mice in each group;

placebo, n = 3 mice). g ELISpot assay measurement of the SARS-CoV-2 Spike-
specific IFN-γ, TNF-α, IL-2, and IL-4 responses of splenocytes from immunizedmice.
Mouse spleens were isolated and dissociated 5 weeks post boost-injection (T1 ~ T7,
n = 8 mice in each group; placebo, n = 3 mice). h FACS analysis results showing the
percentages and cell counts of CD4+ Tem cells producing IL-2, and IL-4 after sti-
mulationwith Spike-peptide pool (n = 8mice in each group). i FACS analysis results
showing the percentages and cell counts of CD8+ Tem cells producing IFN-γ and
TNF-α after stimulation (n = 8 mice in each group). Statistical significance was
analysed using one-wayANOVAwith Dunnett’s correlation (e–i) or two-wayANOVA
with Dunnett’s correlation (c). *P <0.05, **P <0.01, ***P <0.001, ****P <0.0001, ns,
not significant. Data are presented as mean ± s.d. Source data are provided as a
Source Data file.

Article https://doi.org/10.1038/s41467-025-62981-7

Nature Communications |         (2025) 16:7825 13

www.nature.com/naturecommunications


instructions. All libraries were size-selected (170-210 bp) and
sequenced in a HiSeq platform (Illumina).

For analysis, standard human reference libraries were adapted
from the tRNAScan-SE library by appending CCA tails to the tRNAs
from the genomic tRNA database (GtRNAdb, http://gtrnadb.ucsc.edu;
Hsapi19). Isodecoders with identical scores were consolidated for ease
of identity assignment. Raw reads were generated after sequencing,
image analysis, base calling and quality filtering on Illumina sequencer.
Q30was used to performquality control. The adaptor sequences were
trimmed and the adaptor-trimmed-reads (≥15nt) were left by the
cutadapt software (v1.9.3). Then, trimmed reads from all samples were
aligned using bowtie2 software to the aforementioned tRNA library
with sensitive options. Mapped reads on each tRNA were counted
using samtools. DESeq2 was used to detect statistical differences in
tRNA expression between samples or conditions.

Ribosome profiling and data analysis
For ribosome profiling, ten-million HEK293T-mCherry (control),
HEK293T-tL and HEK293T-tA cells were transfected with 2 µg of spike
plasmid using PEI (Polysciences), respectively. Thirty-six h after
transfection, cells were quickly washed with ice-cold PBS supple-
mented with 100 µgml-1 cycloheximide (Sigma-Aldrich), followed by
being scraped off the plate in 2ml cycloheximide-containing PBS,
centrifuged, and flash-frozen. Subsequent ribosome profiling was
conducted by CloudSeq Inc. (Shanghai, China), following the protocol
for GenSeq® Ribo Profile Kit (GenSeq, Inc). Briefly, cycloheximide-
treated cells were lysed with lysis buffer and digested with nuclease.
Ribosome protected fragments (RPFs) were obtained through size
exclusion chromatography, size selection by polyacrylamide gel-
electrophoresis (PAGE), and rRNA removal. The purified RNA frag-
ments were then end-repaired, ligated with 3’ adapters and reverse-
transcribed into cDNA, which was subjected to PAGE-purification,
circularization, and PCR-amplification. The resulting libraries were
purified and sequenced in a NovaSeq platform (Illumina).

For analysis, single-end reads were harvested from the sequencer
and were quality controlled byQ30. Adapter sequences were removed
from raw sequencing data using cutadapt software (v1.9.3).
Tophat2 software was consequently used to algin the resulting high-
quality clean reads to the human (GRCh38) reference genome. HTSeq
software (v0.9.1) was then used to get the raw counts. Aligned reads
were employed to predict the offset by riboWaltz. The ribosome
density within each gene was calculated through custom scripts as
previously described31. The Spike transcript (B.1.1.529) coverage is
represented as RPM.

RNA-seq and data analysis
For RNA sequencing, 3 × 106 HEK293T-mCherry (control), HEK293T-tL
and HEK293T-tA cells were subjected to total RNA extraction using
TRIzol reagent (Invitrogen). Then, mRNA sequencing was performed
by CloudSeq Inc. (Shanghai, China). Briefly, mRNA was purified using
GenSeq® mRNA Purification Kit (GenSeq, Inc.) and library was con-
structedusingGenSeq®DirectionalRNALibrary PrepKit (GenSeq, Inc.)
according to the manufacture’s protocol. The mRNA was fragmented
into ~300 nt in length, and subjected to first-strand cDNA synthesis
using reverse transcriptase and randomhexamer primers, and second-
strand cDNA synthesis in 2nd Strand Synthesis Buffer with dUTP Mix.
The resulting double stranded cDNA fragments undergone end-repair,
dA-tailing, and adapters ligation were then PCR amplified and purified
to obtain the final libraries. Ultimately, libraries were sequenced on an
Illumina HiSeq sequencer (Illumina) in paired-end 150bp mode.

Paired-end reads generated from sequencer were firstly quality
controlled by Q30. After 3’ adaptor-trimming and substandard reads
removing via cutadapt (v1.9.3), the high-quality clean reads were
mapped against the reference genome using hisat2 (v2.0.4). Subse-
quently, the raw counts were obtained using HTSeq (v0.9.1) and

normalized using edgeR. Differentially expressed mRNAs were iden-
tified based on adjusted p value and fold-change thresholds.

Proteomic 4D label free and data analysis
For proteomic analysis, HEK293T-mCherry (control), HEK293T-tL and
HEK293T-tA cells (100mm dishes, approximately 1 × 107 cells) were
firstly washed with ice-cold PBS twice, and scraped off the dishes in
2ml ice-cold PBS, followed by centrifugation and rapid-freezing in
liquid nitrogen. Subsequent proteomic analysis was performed by
CloudSeq Inc. (Shanghai, China) using 4D label-free quantification.
Briefly, proteins were alkylated with iodoacetamide and digested into
peptides using trypsin overnight. Then, peptides were separated by
liquid chromatography (Easy nLC 1000 system, Thermo Fisher Scien-
tific) and analyzed by LC-MS/MS (timsTOF Pro 2 Mass spectrometer
with nano electrospray ionization source, Bruker).

Raw mass spectrometry data were processed using MaxQuant
software (v1.5.2.8), and peptides and protein identification was per-
formed using the Maxquant algorithm, with relative quantitative
information (LFQ) determined. Database searching used the UniProt
database with the following parameters: peptide and protein false
discovery rate (FDR) ≤0.01; minimum peptide length = 7 amino acids;
minimum threshold of protein quantification = 2. LFQ values were
transformed by log10 and standardized by quantile (limma package).
Differential peptide and protein expression was assessed using vol-
cano plots based on p value and fold-change thresholds.

Synthesis of tRNA oligonucleotides
Sequence information for all tRNA oligonucleotides is provided in
Supplementary Table 3. The tRNA oligonucleotides were chemically
synthesized using an LK-48E DNA/RNA synthesizer (Biolino, Shanghai)
with controlled pore glass (CPG) solid supports. The RNA phosphor-
amidite monomers (ChemGenes, USA) were employed as 0.1M solu-
tions in anhydrous acetonitrile for oligonucleotide coupling.
Specifically, during the synthesis cycles of oligos, the coupling reac-
tions were promoted with a 1:1 (v/v) mixture solution of 0.25M 5-
benzylthio-1H-tetrazole (BTT) and 0.3M 5-(ethylthio)-1H-tetrazole
(ETT). The coupling steps were performed twice for 5min each time
for the canonical A, U, C, andG amidities, whereas 10min each time for
the modified monomers. Following the last coupling, the solid sup-
ports were pre-aminolysed with 40% diethylamine, washed with 90%
acetonitrile, and treated with 28% ammonia aqueous solution at 60 °C
for 3 h to remove the base-labile protecting groups and cleave the RNA
oligos fromCPG. The abovedry residues of oligoswere then incubated
with triethylamine trihydrofluoride at 60 °C for 2 h to remove 2’-O-
TBDMS protecting group. Final purification was conducted by high
performance liquid chromatography (HPLC) (Waters 2795) and pro-
duct identity was confirmed using an LCQ Fleet Ion Trap Mass Spec-
trometer (Thermo Fisher Scientific). All tRNA oligos featured a 5’
phosphorylation and a 3’ CCA tail. The synthesized natural internal
modifications of tRNALeuCAG and suppressor tRNALeuCUA include
Gm18, m5C34, Cm34, m1G37, Ψ55, and m1A58.

Expression and purification of hcLeuRS
The recombinant plasmid pET-30a-hcLARS was constructed by Nanj-
ing GenScript Company. The expressionplasmidwas transformed into
chemically competent E. coli BL21 (DE3) cells and a single colony was
inoculated into TB medium containing the relevant antibiotic at 37 °C
until OD600 reaching ~1.2. The protein expression was induced with
isopropyl β-D-thiogalactoside at 15°C for 16 h. After induction, cells
were harvested by centrifugation and cellular pellets were resus-
pended with lysis buffer followed by sonication. The suspension was
centrifugated at 10,000 × g for 60min at 4 °C, and the resulting
supernatant was purified by affinity chromatography using a Ni
Column+ Superdex 200 column. Target protein was sterilized by
0.22μm filter before stored in aliquots. The concentration was
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determined by Bradford protein assay with BSA as the standard. The
protein purity and molecular weight were determined by standard
SDS-PAGE along with Western blot confirmation.

In vitro aminoacylation assay of tRNA
In vitro aminoacylation assay was conducted as previously described72.
For the Leu system, 10 nMhcLARS synthetase was incubatedwith 10μg
of tRNA oligonucleotides in reaction buffer (50mM Tris-HCl, 10mM
MgCl2, 20mMKCl, 2mMDTT, pH 7.4) supplementedwith 0.1mMATP,
1 mM L-Leucine, and 0.1mgml-1 BSA at 37 °C for 20min. The aminoa-
cylation efficiency was determined by the production of AMP using
AMP-GloTM Assay (Promega) according to the manufacturer’s instruc-
tions. Non-cognate tRNAPheGAA was used as the negative control.

tRNA stability
HEK293T-SecNluc133UAG cells were seeded at 4 × 104 cells per well in 96-
well plates and grown to 80% confluence the next day. Cells were
transfected with 0.2μg of tRNALeuCUA or tRNALeuUUA (negative con-
trol) in triplicates using Lipofectamine 3000 (Thermo Fisher Scien-
tific). The medium was refreshed after 6 h, and supernatants
containing SecNluc protein were collected at an interval of 2 h. Lumi-
nescence was then measured using Nano-Glo Luciferase reagent
(Promega) on a TriStar2S LB942 Multimode Microplate Reader. The
abundance of tRNA was estimated as the relative luminescence nor-
malized to the 2-hr time point. The half-life of tRNAwas determined by
one-phase decay model in Prism (GraphPad).

tRNA immunostimulatory activity
For evaluation of the tRNA-induced stimulation of TLR7 and TLR8,
human TLR stably transformed HEK293 cells are well established as
previously described58. HEK293T-TLR8 cells and HEK293T-TLR8-NFκB-
EGFP cells were seeded at 4 × 104 cells per well in 96-well plates and
cultured overnight until reaching 90% confluence. Then, cells were
transfected with 0.2μg and 0.4μg of IVS-tRNA using Lipofectamine
3000 (Thermo Fisher Scientific) or 0.2μg and 0.4μg of Resiquimod
(R848, HARVEYBIO) as a control agonist of the TLR7-TLR8 signaling
pathway. After 36 h, IL-8 in the culture supernatants of HEK293T-TLR8
cells was measured using human IL-8/CXCL8 ELISA Kit (SinoBio), and
the percentage of EGFP positive HEK293T-TLR8-NFκB-EGFP cells was
quantified using flow cytometry.

THP-1 cells (4 × 105 cells perwell)wereplated in 48-well plates and
differentiated into macrophage-like cells with 50 nM phorbol 12-
myristate 13-acetate (PMA, Sigma-Aldrich). After 12 h of PMA treat-
ment, cells were rinsed with PBS and maintained in fresh medium for
an additional 48 h. After resting, cellswere transfectedwith 1μg of IVS-
tRNA using the TransIT®-mRNA Transfection Kit (Mirus Bio) or 1μg of
R848 as the positive control. Twenty-four h post-transfection, TNF-α in
supernatants was determined using human TNF-alpha ELISA Kit
(SinoBio) according to the manufacturer’s instructions.

LNP mRNA-tRNA formulation and characterization
LNPmRNA-tRNA formulationswereproducedbyD-NanoTherapeutics
(Beijing, China), as previously described73 with some modifications. In
brief, lipids were dissolved in ethanol at the following molar percen-
tage ratios: 50% SM102 (Sinopeg), 10% DSPC (Lipoid), 38.5% choles-
terol (Nippon Fine Chemical), and 1.5% PEG-DMG (JenKem). The lipid
mixture was combined with an acidification buffer of 25mM sodium
acetate (pH 5.0) containing mRNA and tRNA at a volume ratio of 4:1
(aqueous:ethanol) using a microfluidic mixer (Aitesen). The ratio of
nitrogen presents on the ionizable N:P ratio was set to 3.0. Formula-
tions were dialyzed against 20mM Tris (pH 7.4) in dialysis cassettes
(MWCO 8-14 kDa, Gentihold) overnight. Diluted LNPs were con-
centrated using the ultra-centrifugal filters (MWCO 100 kDa, Milli-
pore), and then passed through a 0.22 μm filter and stored at 4 °C.
Particle size and polydispersity index (PDI) were characterized using a

Zetasizer Pro (Malvern Instruments). Concentrations and encapsula-
tion efficiency ofmRNA-tRNAwere determined using the Equalbit RNA
HS Assay Kit (Vazyme). All LNPs were found to be 80 ~ 90 nm in size,
with encapsulation efficiency greater than 95%.

To determine the ratio of formulated RNAs in each LNP mRNA-
tRNA preparation, 3μg of LNPwas first disrupted using TRIzol reagent
(Invitrogen), and total RNA was extracted using the Direct-zol RNA
MicroPrep kit (ZYMO Research). A certain volume of the extracted
RNA was then reverse transcribed into cDNA, followed by a 100-fold
dilution for further qPCR detection. LNP mRNA alone was used as a
control. To assess the absorption efficiency of LNP formulations,
HEK293T cells, pre-seeded in 12- or 24-well plates to reach 90% con-
fluence, were transfected with LNPs. Twenty-four h post-transfection,
total RNA was extracted using the Direct-zol RNA MiniPrep kit (ZYMO
Research), and the abundance of Spike mRNA was quantified by RT-
qPCR. After 36 h, cellular lysates and culture supernatants were har-
vested for quantifying spike protein expression by western-blotting or
by ELISA using SARS-CoV-2 Omicron (B.1.1.529) variant Spike ELISA Kit
(SinoBio) according to the manufacturer’s protocol.

Mice
Animal experiments were proven by the Institutional Animal Care and
Use Committee (IACUC) of Peking University Health Science Center
under animal protocol no.DLASBD0667. The animal experimentswere
conducted in compliance with Institutional Animal Care and Use
Committee policies and the National Institutes of Health (NIH) guide-
lines. The mice were housed three to five per cage and kept on under
pathogen-free (SPF) conditions (12 h light–dark cycle with ad libitum
food andwater at the temperature of 18–23 °Cwith 40–60% humidity)
in the Department of Laboratory Animal Science of Peking University
Health Science Center.

Mouse vaccination
For mouse vaccination, the BALB/c (female, 6-8 weeks old) mice were
intramuscularly immunized (i.m.) with 10μg of LNP mRNA-tRNA vac-
cine or a placebo (LNP only) in a 100 µl volume, followed by a second
administration to boost the immune responses after 2 weeks. The sera
of immunized mice were collected to detect the SARS-CoV-2 spike-
specific IgG and neutralizing antibodies at 2- and 5-week post boost.
Five weeks after the boost, the splenocytes of vaccinated mice were
harvested to determine the cytokine production by T cells.

Measurement of anti-spike IgG antibody by ELISA
All immunizedmouseserumsampleswere heat-inactivated at 56 °C for
30min before use. The anti-Spike IgG antibodies weremeasured using
the mouse SARS-CoV-2 Spike (Omicron) IgG Antibody ELISA Kit
(Vazyme) according to the manufacturer’s instructions. Briefly, serial
3-fold dilutions (in sample dilution buffer) of mouse sera, starting at a
ratio of 1:2400, were added to the pre-coated ELISA plates and incu-
bated at 37 °C for 60min. After five washes with wash buffer, enzyme-
linked antibody working solution was added to the plates and incu-
bated at 37 °C for 30min. Then, the plates were washed 5 times with
wash buffer, and TMB substrates (100 µl per well) were added, fol-
lowed by incubation for 10min. Then, the ELISA stop buffer was added
to stop the reaction. Finally, the absorbance (450/630 nm) was mea-
sured with an AMR-100 microplate reader. The IgG endpoint GMTs
were defined as the dilution fold, atwhich the optical density exceeded
2.1× background (negative control).

Pseudovirus-based neutralization assay
To determine the NT50 of immunized mouse serum, HEK293T-hACE2
cells were seeded in the 96-well plates pre-coatedwith PDL at a density
of 4 × 104 cells per well. The cells were then incubated for approxi-
mately 16 h until they reached over 80% confluence, suitable for
pseudovirus infection. Themouse serumwas diluted in a 3-fold series,
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starting from a 1:40 dilution, and incubated with SARS-CoV-2 spike
pseudovirus at 37 °C for 60min. D10mediumwithout serum served as
the positive control, while D10mediumwithout pseudovirus served as
the negative control. Subsequently, the supernatant of HEK293T-
hACE2 cells was removed, and the mixture of serum and pseudovirus
was added to each well. After incubation for 24 h, the culture super-
natant was replaced with fresh D10 medium. Forty-eight h later, lumi-
nescence was measured using the Nano-Glo Luciferase Assay
(Promega), reflecting the degree of pseudovirus infection. The NT50,
defined as the fold dilution that inhibitsmore than 50% of pseudovirus
infection compared to the positive control, was determined by four-
parameter nonlinear regression in Prism (GraphPad).

ELISpot assay
ELISpot assay of splenocytes was performed using the mouse IFN-γ,
TNF-α, IL-2, and IL-4 ELISpot PLUS Kit (MabTech) according to the
manufacturer’s instructions. Briefly, 2.5 × 105 splenocytes were stimu-
lated with a SARS-CoV-2 S peptide pool (15-mer sequences with 11-
amino acid overlap covering the full-length Spike, total 315 peptides;
SinoBio) at the final concentration of 2μgml-1. DMSO served as the
negative control, while the cocktail of PMA (Sigma-Aldrich) and Iono-
mycin (Yeason) was used as the positive control. After 24 h of stimu-
lation at 37 °C, the cells were washed away, and the secreted cytokines
were bound with the following target-specific biotinylated antibodies:
anti-mouse IFN-γ (R4-6A2-biotin), anti-mouse TNF-α (MT11B10-biotin),
anti-mouse IL-2 (5H4-biotin), anti-mouse IL-4 (BVD6-24G2-biotin).
After 2 h of incubation at room temperature, the plates were washed
with 1 × PBS, and incubated with streptavidin alkaline phosphatase for
60min at room temperature. The plates were developed using BCIP/
NBT substrate until distinct spots emerged. The spots were counted
using an AID vSpot Spectrum EliSpot/FluoroSpot Reader. The results
were normalized to SFC per million cells.

Flow cytometry analysis of T cells
For multiparameter intracellular cytokine staining assays, splenocytes
were seeded at 3.5 × 106 cells per well in 200 µl of R10 medium in the
96-well plate. Each group was treated with mock (200 µl of R10;
negative control), pooled Spike peptides (4μgml-1), and 50 ngml-1

PMA (Sigma-Aldrich) plus 2μM ionomycin (Yeason) (positive control)
and incubated at 37 °C for 5 h. The GolgiPlug transport inhibitor (BD)
was added simultaneously. After stimulation, the cells were washed
with PBS prior to staining with the LIVE/DEAD Viability kit (Thermo
Fisher Scientific) for 30min at 4°C. Cells were then washed and sus-
pended in Fc block (Biolegend, clone 93) for 10min, followed by sur-
face staining with the following antibodies on ice: anti-CD45 (Thermo
Fisher Scientific, clone 30-F11), anti-CD3ε (Thermo Fisher Scientific,
clone 145-2C11), anti-CD4 (ThermoFisher Scientific, clone RM4-5), anti-
CD8α (Thermo Fisher Scientific, clone 53-6.7), anti-CD44 (Thermo
Fisher Scientific, clone IM7), and anti-CD62L (Thermo Fisher Scientific,
clone Mel-14). After 20min of incubation, the cells were washed with
fluorescence-activated cell sorting (FACS) buffer (PBS with 0.5% BSA)
and then fixed and permeabilized using a BD CytoPerm fixation and
permeabilization solution kit (BD). Cells were washed in perm and
wash solution, followed by intracellular staining (40min, 4 °C) using a
cocktail of the following antibodies: anti-IFN-γ (Thermo Fisher Scien-
tific, clone XMG1.2), anti-TNF-α (Biolegend, cloneMP6-XT22), anti-IL-2
(Thermo Fisher Scientific, clone JES6-5H4), and anti-IL-4 (Thermo
Fisher Scientific, clone 11B11). Finally, the cells were washed in perm/
wash solution and suspended in FACS buffer, acquired on a CytoFLEX
LX cytometer (Beckman Colter Life Sciences). Data were analyzed
using FlowJo v10 software.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Data from the Ribosome profiling, tRNA sequencing and RNA-seq have
been deposited in the Gene Expression Omnibus (GEO) under the
accession numbers GSE301911, GSE301914, GSE301916. Data from
tRNA profiling of Vero E6 cells infected with SARS-CoV-2 virus have
been deposited in Figshare (https://doi.org/10.6084/m9.figshare.
29510411). The mass spectrometry proteomics data have been
deposited to the ProteomeXchange Consortium via the iProX partner
repository with the dataset identifier PXD065927. Source data is
available for Figs. 1–6 and Supplementary Figs. 1-9 in the associated
source data file. Source data are provided with this paper.
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