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Complete substitution with modified  
nucleotides in self-amplifying RNA  
suppresses the interferon response and  
increases potency

Joshua E. McGee    1,2,6, Jack R. Kirsch    1,6, Devin Kenney3,4, Faith Cerbo    3,4, 
Elizabeth C. Chavez    3,4, Ting-Yu Shih5, Florian Douam3,4  , 
Wilson W. Wong    1,2   & Mark W. Grinstaff    1,5 

The use of modified nucleotides to suppress the interferon response 
and maintain translation of self-amplifying RNA (saRNA), which has 
been achieved for mRNA, has not yet succeeded. We identify modified 
nucleotides that, when substituted at 100% in saRNA, confer innate immune 
evasion and robust long-term protein expression, and when formulated  
as a vaccine, protect against lethal SARS-CoV-2 challenge in mice.  
This discovery advances saRNA therapeutics by enabling prolonged  
protein expression at low doses.

Substitution of chemically modified nucleotides in messenger ribonu-
cleic acid (mRNA) enhances stability and transfection capability, and 
decreases immunogenicity1–3, all of which enabled rapid development 
of vaccines against SARS-CoV-2 and propelled mRNA to the forefront of 
medicine1,4. Native RNA activates pattern recognition receptors such 
as toll-like receptors and triggers type I interferon (IFN) production, 
resulting in translational shutoff and systemic inflammation3. Clini-
cally approved mRNA vaccines use N1-methylpseudouridine (N1mΨ) 
to mitigate these responses and improve efficacy. Although effective, 
the short half-life of mRNA necessitates a large dose to be effective, 
which increases the risk of adverse side effects and limits accessibility.

saRNAs use an RNA-dependent RNA polymerase from an alphavi-
rus and the corresponding conserved sequence elements at the 5′ and 
3′ ends for replication, leading to robust and durable expression of 
encoded protein cargo5–7. The RNA-dependent RNA polymerase also 
recognizes a subgenomic promoter to initiate transcription of the 
cargo sequence(s). saRNA can address the shortcomings of mRNA by 
decreasing the number of doses and the administration frequency, 
which will mitigate side effects8–10 and bolster manufacturing capacity, 
thus enhancing speed, reducing costs and democratizing distribu-
tion. However, early saRNA vaccine trials showed lower efficacy and 

neutralizing antibody levels than mRNA vaccine trials11. Recent clinical 
trial results revealed comparable immunogenicity of a saRNA vaccine 
at one-tenth of the dose of an equivalent mRNA vaccine. However, side 
effects were similar between the treatment groups12.

The early and intense type I IFN response induced by saRNA detec-
tion hinders replication and antigen expression, similar to unmodified 
mRNA5,13–15. Previous efforts to decrease the immunogenicity of saRNA 
focused on sequence evolution, co-expression of viral inhibitory pro-
teins and optimization of the delivery vehicle16–18. Although useful in 
their respective applications, all previous approaches failed to achieve 
a universal method of mitigating the IFN response. The best tools for 
such improvements are modified nucleoside triphosphates (NTPs). 
However, the current understanding of the field is that incorporating 
modified NTPs into saRNA abrogates downstream efficacy, as reported 
by multiple independent groups5,19–28. Thus, modified nucleotides  
are not used.

We proposed that other modified NTPs might be compatible 
with saRNA and synthesized a library of saRNA constructs through 
in vitro transcription (IVT), in which all nucleotides were completely 
substituted with modified counterparts (Fig. 1a). To assess their func-
tionality, we transfected these constructs, which encoded an mCherry 
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Fig. 1 | Identification of modified nucleotides compatible with saRNA 
and their in vitro bioactivity. a, Schematic illustrating the limitations of 
wild-type saRNA and N1mΨ-modified saRNA, and the advantages of saRNA 
with compatible modified NTPs. b, Workflow for synthesis and transfection 
of modified saRNA. c, Flow cytometry results measuring the percentage of 
mCherry+ HEK293T cells. Data are presented as mean ± s.d. (n = 3 biological 
replicates). Statistical significance was determined by one-way ANOVA with 
Dunnett’s multiple comparisons correction. From left to right, *P = 3.8 × 10−2, 
****P = 5.6 × 10−11, ****P = 3.0 × 10−15. d, Expression levels 24 h after LNP transfection 
of 10 ng of RNA encoding firefly luciferase in HEK293T cells. Luciferase signal is 
presented as fold change compared to mock-treated cells. Data are presented as 
mean ± s.d. (n = 4 biological replicates). Statistical significance was determined 
by one-way ANOVA with Tukey’s multiple comparisons correction. From top to 
bottom, ****P= 2.7 × 10−14, ****P = 7.3 × 10−14, ****P = 4.3 × 10−7 and n.s. = 8.3 × 10−1. 
e, Expression levels 24 h after LNP transfection of 10 ng of RNA encoding firefly 
luciferase in C2C12. Luciferase signal is presented as fold change compared 
to mock-treated cells. Data are presented as mean ± s.d. (n = 4 biological 
replicates). Statistical significance was determined by one-way ANOVA with 
Tukey’s multiple comparisons correction. From top to bottom, ****P = 3.6 × 10−9, 
****P = 1.6 × 10−7, **P = 1.5 × 10−3 and n.s. = 9.9 × 10−1. f, Longitudinal analysis of 
transfected Jurkat cells after LNP transfection with 100 ng of wild-type or m5C-
modified saRNA. Data are presented as mean ± s.d. (n = 3 biological replicates). 
Statistical significance was determined by two-way ANOVA with Tukey’s 
multiple comparisons correction. ****P = 4.6 × 10−14. g, Transfection efficiency 
24 h after LNP transfection with 500 ng of mCherry saRNA in primary human 

CD3+ T cells from three different donors. Data are presented as mean ± s.d. 
(n = 3 biological replicates). Statistical significance was determined by two-way 
ANOVA with Tukey’s multiple comparisons correction. From top to bottom, 
left to right, ****P = 2.6 × 10−13, ****P = 2.9 × 10−13, ****P = 3.3 × 10−8, **P = 6.0 × 10−3, 
**P = 2.8 × 10−3 and n.s. = 3.5 × 10−1. h, Assay for detecting the early IFN response 
from transfection of human PBMCs with unmodified or modified saRNA. i, IFNα 
(all subtypes) protein level analysis by ELISA after 6 h from a single PBMC donor 
treated with wild-type or modified saRNA. Data are presented as mean ± s.d. 
(n = 3 biological replicates). Statistical significance was determined by one-way 
ANOVA with Tukey’s multiple comparisons correction. From top to bottom, 
****P = 1.4 × 10−9, ****P = 2.7 × 10−9 and n.s. = 1.4 × 10−1. j, Analysis of IFNβ levels by 
ELISA from three PBMC donors after 6-h and 24-h treatment with wild-type or 
modified saRNA. Data are presented as mean ± s.d. (n = 3 biological replicates).  
k, Gene expression analysis of IFNβ1 in RNA collected from a single human  
PBMC donor after 6 h treatment with saRNA synthesized with increasing levels of 
m5C substitution. Data are presented as mean ± s.d. (n = 3 biological replicates). 
Statistical significance was determined by one-way ANOVA with Dunnett’s 
multiple comparisons correction. From top to bottom, n.s. = 1.1 × 10−1,  
****P = 2.4 × 10−7, ****P = 1.6 × 10−13. For all statistical reporting, *P < 0.05, **P < 0.01, 
***P < 0.001 and ****P < 0.0001. CT, cycle threshold; modNTPs, modified NTPs; 
n.d., not detected; n.s., not significant; PRR, pattern recognition receptor;  
RdRp, RNA-dependent RNA polymerase; RNA pol, RNA polymerase; SGP, 
subgenomic promoter; TLR3, toll-like receptor 3; TLR7/8, toll-like receptors 7 
and 8; WT, wild-type.
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reporter, into HEK293T cells by cationic lipofection (Fig. 1b). Three 
modified NTPs afford significantly elevated transfection efficiencies 
when incorporated into saRNA. Constructs with complete substitu-
tion of 5-hydroxymethylcytidine (hm5C), 5-methylcytidine (m5C) or 
5-methyluridine (m5U) exhibit transfection efficiencies 14-fold, 10-fold 
and 8-fold higher than the N1mΨ-modified construct, respectively, 
as revealed by flow cytometry analysis (Fig. 1c and Supplementary 
Fig. 1a,b) and live-cell microscopy (Supplementary Fig. 1c). The trans-
fection efficiencies of the hm5C and m5C constructs are also signifi-
cantly greater than the wild-type (WT) saRNA. Substitution with the 
identified modified NTPs results in functional constructs synthesized 
with a Cap-0 or Cap-1 structure (Supplementary Fig. 1d).

Next, we investigated wild-type saRNA, m5C saRNA and N1mΨ 
mRNA, all of which encode a luciferase reporter construct, and loaded 
these into lipid nanoparticles (LNPs). We transfected HEK293T and 
C2C12 cells with 10 ng of RNA. Notably, the m5C saRNA exhibits a 
4.9-fold higher protein expression than the wild-type saRNA, cor-
responding to a 68-fold higher expression than the N1mΨ mRNA 
in HEK293T cells (Fig. 1d). In fact, significant expression occurs at 
doses as low as 1 ng (Supplementary Fig. 2a). In C2C12 cells, the m5C 
saRNA affords a 3.5-fold higher protein expression, resulting in a 
314-fold higher expression compared to the N1mΨ mRNA (Fig. 1e). 
In LNP-transfected Jurkat cells, 25 or 250 ng of m5C saRNA results in 
a 17.8-fold or an 8.2-fold improvement in protein expression, respec-
tively, compared to wild-type saRNA (Supplementary Fig. 2b–d). The 
protein expression profile is similar for the luciferase constructs at 
250 ng (Supplementary Fig. 2e). In a time-course study, the m5C saRNA 
leads to durable expression over 7 days in LNP-transfected Jurkat cells 
(Fig. 1f and Supplementary Fig. 2f). Denaturing gel electrophoresis 
reveals comparable transcript length and quality for modified saRNAs 
encoding mCherry (Supplementary Fig. 3a). Furthermore, encapsula-
tion of the RNA is similar between modified constructs (>90% encapsu-
lation efficiency; Supplementary Fig. 3b). By contrast, the N1mΨ saRNA 
does not produce detectable levels of mCherry expression after LNP 
transfection or electroporation (Supplementary Fig. 3c,d).

We then treated CD3+ T cells, derived from three different 
human donors, with wild-type saRNA-loaded or m5C saRNA-loaded 
LNPs. Transfection efficiency increases five- to sixfold with m5C 
saRNA-loaded LNPs compared to the wild-type saRNA-loaded LNPs 
(Fig. 1g and Supplementary Fig. 4a,b). The mCherry reporter expression 
is present for at least 5 days (Supplementary Fig. 4b).

To investigate the contribution of double-stranded RNA (dsRNA) 
impurities on transfection, we performed additional studies with 
dsRNA-depleted RNA29. We synthesized N1mΨ mRNA, wild-type saRNA, 
hm5C saRNA and m5C saRNA encoding firefly luciferase by IVT followed 
by cellulose chromatography30. All RNAs show minimal degradation 
(Supplementary Fig. 5a). Dot blotting reveals minimal dsRNA in N1mΨ 
mRNA, even before cellulose purification. By contrast, wild-type saRNA 
contain dsRNA impurities, approximately fivefold and threefold higher 
than hm5C and m5C saRNAs, respectively (Supplementary Fig. 5b). 
After two rounds of cellulose chromatography, dsRNA impurities are 
at or below the detection limit for all RNAs. We transfected the puri-
fied RNAs into Jurkat cells. At 10 ng, purified hm5C and m5C saRNAs 
affords 146-fold and 75-fold greater protein production than wild-type 
saRNA, and 36-fold and 18-fold greater protein production than N1mΨ 
mRNA, respectively (Supplementary Fig. 5c). Similar trends in protein 
production are present at 100 ng, with hm5C and m5C saRNAs outper-
forming wild-type saRNA and N1mΨ mRNA. In primary human foreskin 
fibroblasts, N1mΨ mRNA exhibits a linear dose response, whereas 
saRNA shows a nonlinear dose response (Supplementary Fig. 5d). At 
the lowest dose, hm5C and m5C saRNAs produces significantly greater 
protein levels than N1mΨ mRNA (112-fold and 93-fold, respectively) and 
wild-type saRNA (4.4-fold and 3.6-fold, respectively). At the highest 
dose, the differences in protein expression is not significantly different 
between the treatment groups.

To characterize the IFN response caused by wild-type or modi-
fied saRNA, we cultured human peripheral blood mononuclear cells 
(PBMCs) from three distinct donors with LNPs loaded with saRNA 
(Fig. 1h). saRNA treatment, as revealed by gene expression analysis, 
induces a significant increase in the expression of early IFN-related 
genes, namely, IFNα1, IFNα2 and IFNβ1, after 6 h (Supplementary 
Fig. 6a–c). However, when hm5C or m5C is incorporated, the expression 
levels of IFNα1 and IFNβ1 reduce by 8.5-fold and 3-fold, respectively. The 
analysis of IFNα subtypes in culture media from a single donor (Fig. 1i) 
is consistent with the gene expression analysis. A longitudinal analysis 
of human IFNβ in culture media reveals that the incorporation of hm5C, 
m5C, m5U and N1mΨ effectively suppresses IFNβ expression. Across 
all donors, no detectable expression of IFNβ is present after m5C and 
N1mΨ saRNA treatment, and only one donor exhibits detectable levels 
of IFNβ after hm5C saRNA treatment (Fig. 1j). To determine the effect 
of partial versus complete m5C substitution on the IFN response, we 
cultured PBMCs with saRNA synthesized with 0%, 25%, 50%, 75% and 
100% m5C substitution and measured the IFNβ1 expression. IFNβ1 
expression decreases with increasing concentrations of m5C (Fig. 1k), 
and at 100% substitution, IFNβ1 expression is similar to that of the 
untreated control cells.

Next, we evaluated the protein expression levels and kinetics of 
wild-type saRNA, m5C saRNA and N1mΨ mRNA in vivo using biolumi-
nescent imaging. We administered intramuscular (i.m.) injections of 
PBS or 2.5 µg of N1mΨ mRNA, wild-type saRNA or m5C saRNA encod-
ing firefly luciferase to C57BL/6 mice (n = 5 per group). The group that 
received N1mΨ mRNA attains peak protein expression at 24 h, and then 
the signal rapidly decreases (Fig. 2a,b). By contrast, the groups treated 
with wild-type or m5C saRNA show a consistent increase in the signal 
and, 7 days after the initial injection, reached peak protein expression 
that is four times greater than the N1mΨ mRNA group (Fig. 2b and 
Supplementary Fig. 7a). We observed no significant differences in 
expression levels or duration of expression between the groups that 
received wild-type or m5C saRNA. However, the systemic level of IFNα1 
6 h after injection is 2.2-fold lower in the group treated with m5C RNA 
(Supplementary Fig. 7b). Notably, the groups that were administered 
wild-type or m5C saRNA both display significantly prolonged protein 
expression throughout the 28-day study duration (Fig. 2b).

We then generated nonreplicating mRNA (spike mRNA) and saRNA 
(spike saRNA) encoding a K986P-stabilized and V987P-stabilized 
spike protein of SARS-CoV-2 derived from the Wuhan-1 (WA-1) strain 
(Fig. 2c). We assembled the constructs by IVT and then transfected 
these LNP-encapsulated RNAs into HEK293T and C2C12 cells using 
LNPs. In HEK293T cells, hm5C, m5C and m5U saRNAs exhibit approxi-
mately twice the protein expression compared to wild-type saRNA 
(Fig. 2d). Consistent with previous findings, N1mΨ saRNA results in 
suppressed protein expression. In C2C12 cells, both hm5C and m5C 
saRNA afford a twofold higher protein expression than wild-type saRNA 
and approximately an 8-fold higher protein expression than N1mΨ 
mRNA (Fig. 2e,f and Supplementary Fig. 8a; see Supplementary Fig. 8b 
for confirmation with ELISA). Notably, the m5U modification does not 
result in protein expression in C2C12 cells. We performed similar in vitro 
experiments to evaluate the expression of the influenza hemagglutinin 
antigen, and the expression profile is consistent with our previous 
experiments (Supplementary Fig. 8c,d).

Motivated by the increased antigen expression in vitro and the 
durable expression in vivo, we evaluated the effectiveness of the m5C 
saRNA vaccine against SARS-CoV-2 infection. In healthy C57BL/6 mice, 
we administered intramuscular (i.m.) injections of 10 ng, 100 ng or 
1,000 ng of wild-type or m5C saRNA, which encoded the spike pro-
tein, and then boosted at 21 days post initial vaccination (Fig. 2g). 
Additional cohorts in the study received 10 ng or 1,000 ng of N1mΨ 
mRNA to evaluate comparative performance at a low and high dose, 
respectively, or PBS. The intermediate dose of 100 ng N1mΨ mRNA 
produces a weak antibody response in previous reports31. To assess the 
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study. d, Expression of spike protein detected by flow cytometry 24 h after 
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g, Study design for the SARS-CoV-2 challenge study in C57BL/6 mice. Black 
line indicates analysis of samples collected on days 1 and 2. h, IFNα1 protein 
levels measured in serum collected 24 h or 48 h after initial vaccination with 
1,000 ng of RNA in LNPs. Data are presented as mean ± s.e.m. (n = 5 biological 
replicates). Statistical significance was determined by two-way ANOVA with 
Sidak’s multiple comparisons correction. From top to bottom, n.s. = 6.0 × 10−2, 
n.s. = 9.9 × 10−1, **P = 1.0 × 10−3, ***P = 2.3 × 10−4 and n.s. = 1.8 × 10−1. i, Survival of 
mice vaccinated with 1,000 ng after lethal challenge with MA30 virus. Wild-type 
saRNA, n = 10 biological replicates; m5C saRNA, n = 10 biological replicates; 

N1mΨ mRNA, n = 10 biological replicates; PBS, n = 18 biological replicates. 
Statistical significance was determined by the Mantel–Cox log-rank test. 
****P = 2.7 × 10−6. j, Longitudinal weight change of mice after lethal challenge. 
Data are presented as mean ± s.e.m. 1,000 ng N1mΨ mRNA, n = 10 biological 
replicates; 10 ng N1mΨ mRNA, n = 10 biological replicates; 1,000 ng wild-type 
saRNA, n = 10 biological replicates; 10 ng wild-type saRNA, n = 18 biological 
replicates; 1,000 ng m5C saRNA, n = 10 biological replicates; m5C saRNA, n = 20 
biological replicates. k, Survival of mice vaccinated with 10 ng after lethal 
challenge with MA30 virus. Wild-type saRNA, n = 18 biological replicates; m5C 
saRNA, n = 20 biological replicates; N1mΨ mRNA, n = 10 biological replicates; 
PBS, n = 18 biological replicates. Statistical significance was determined by the 
Mantel–Cox log-rank test. From left to right, n.s. = 2.6 × 10−1, n.s. = 2.4 × 10−1, 
*P = 4.4 × 10−2, **P = 1.9 × 10−3 and ****P = 2.9 × 10−6. l, SARS-CoV-2 spike protein-
reactive IgG titers measured from the serum of animals vaccinated with 10 ng 
of RNA collected on day 35. N1mΨ mRNA, n = 10 biological replicates; wild-type 
saRNA, n = 10 biological replicates; m5C saRNA, n = 10 biological replicates; PBS, 
n = 9 biological replicates. Data are presented as geometric mean ± geometric 
s.d. Statistical significance was determined by one-way ANOVA with Tukey’s 
multiple comparisons correction. From top to bottom, left to right, *P = 2.2 × 10−2, 
n.s. = 9.8 × 10−1, *P = 4.8 × 10−2, *P = 2.1 × 10−2, n.s. = 9.8 × 10−1 and n.s. = 9.9 × 10−1. 
m, Neutralization titer (dilution resulting in 50% infection inhibition) values 
measured from the serum of animals vaccinated with 10 ng of RNA. Horizontal 
lines indicate the median values. PBS, n = 9 biological replicates; N1mΨ mRNA, 
n = 10 biological replicates; wild-type saRNA, n = 10 biological replicates; m5C 
saRNA, n = 10 biological replicates. Statistical significance was determined by 
one-way ANOVA with Dunnett’s multiple comparisons correction. From top 
to bottom, n.s. = 8.7 × 10−1, *P = 2.4 × 10−2 and *P = 4.6 × 10−2. For all statistical 
reporting, *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001. ND50, 50% 
neutralizating dose.
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early IFN response in mice, serum was collected from mice vaccinated 
with the 1,000-ng dose at 24 h and 48 h. Significantly reduced levels 
of serum IFNα1 are present in mice that received N1mΨ mRNA or m5C 
saRNA compared to mice that were administered wild-type saRNA. 
By 48 h post vaccination, IFNα1 is no longer detectable in the serum 
of any of the mice (Fig. 2h). Across all samples, IFNβ is not detectable 
at 24 h or 48 h (Supplementary Fig. 9a). On day 35, we intranasally 
infected the mice with a lethal dose of 1 × 105 plaque-forming units 
of mouse-adapted SARS-CoV-2 (MA30)32. The mice vaccinated with 
1,000 ng of wild-type saRNA, m5C saRNA or N1mΨ mRNA show 100% 
survival and minimal weight loss (Fig. 2i,j). Similarly, mice vaccinated 
with 100 ng of wild-type or m5C saRNA survive, with an average weight 
loss of 5% (Supplementary Fig. 9b,c). However, the survival rates are 
20% and 45% for mice receiving the 10-ng dose of N1mΨ mRNA or 
wild-type saRNA, respectively, and the mice lost significant weight 
(Fig. 2j,k). By contrast, survival is significantly higher in mice vaccinated 
with the 10-ng dose of m5C saRNA (75% survival) upon viral challenge 
compared to animals treated with N1mΨ mRNA, wild-type saRNA or 
PBS (Fig. 2k).

To investigate the observed differences in protection among 
groups, we measured SARS-CoV-2 spike protein-reactive immuno-
globulin G (IgG) titers in serum collected from the same cohort of mice 
on day 35. Titers ranged from 106 to 107 ng ml−1, with no significant dif-
ferences between the 1,000-ng wild-type saRNA, m5C saRNA and N1mΨ 
mRNA treatment groups (Supplementary Fig. 9d). For mice vaccinated 
with 100 ng of wild-type saRNA or m5C saRNA, titers vary between 105 
and 106 ng ml−1, showing no significant difference between the two 
groups (Supplementary Fig. 9e). In contrast, at the 10-ng dose, animals 
vaccinated with m5C saRNA display significantly elevated titers, with 
a 5-fold higher titer than wild-type saRNA vaccinated animals and a 
121-fold higher titer N1mΨ mRNA-vaccinated animals (Fig. 2l).

To determine whether survival in mice vaccinated with 5mC 
saRNA is associated with increased serum neutralizing titers, we 
evaluated the neutralizing activity of serum samples from mice vac-
cinated with 10 ng of wild-type saRNA, m5C saRNA or N1mΨ mRNA 
against infectious SARS-CoV-2 WA-1. Sera from mice that were admin-
istered vehicle or 10 ng of N1mΨ mRNA do not significantly neutralize 
WA-1, whereas serum samples from mice vaccinated with 10 ng of 
wild-type or 5mC saRNA elicit similar neutralizing activity (Fig. 2m). 
No association between survival and neutralizing antibody levels is 
observed in mice vaccinated with wild-type saRNA or m5C saRNA  
(Supplementary Fig. 9f).

saRNA promises lower-dose vaccines and off-the-shelf, in situ, 
long-lasting and non-integrating cell and gene therapies. Unfortu-
nately, the clinical reality thus far paints a less encouraging picture6, 
although the recent regulatory approval of a wild-type saRNA in Japan 
bodes well for the future of saRNA technologies33,34. Preclinical and 
clinical data confirm that the early and intense IFN response inhibits 
antigen expression and induces inflammation5,13,14,35. A mechanism 
to effectively evade the early IFN response, improve saRNA transfec-
tion and reduce reactogenicity would unlock the true potential of  
the platform.

Anti-spike antibody titers are a potential correlate of protection 
upon m5C saRNA vaccination (Fig. 2l). Serum neutralizing antibody 
titers are similar between wild-type and m5C saRNA-treated mice, even 
though protection from fatal infection is not. Serum neutralizing activ-
ity is one of many correlates of protection, and although SARS-CoV-2 
variants have been associated with escape of vaccine-induced neu-
tralizing antibodies36–41, clinical protection is maintained through 
vaccine-induced T cell responses and Fc effector functions42–46. 
Our findings suggest that the correlates of protection associated 
with low-dose m5C saRNA vaccination extend beyond neutralizing 
humoral responses. This point is further strengthened by the lack of 
positive correlation between survival and neutralizing titers in mice 
vaccinated with wild-type or m5C saRNA (Supplementary Fig. 9f).  

Future work will evaluate the contribution of Fc effector functions  
and T cell responses.

Recently, a study reported that 5% m5C-modified saRNA affords 
a functional construct as a SARS-CoV-2 booster in a phase 1 human 
safety study47. Healthy participants vaccinated with LNPs containing 
1, 3, 7.5, or 15 µg of 5% m5C saRNA had ~3-fold higher IgG titers at day 
28. No comparator arms that included modified mRNA or wild-type 
saRNA were reported. This work highlights the potential clinical utility 
of modified saRNA through positive human safety studies. Another 
study48 demonstrated that saRNA, when fully substituted with m5C, 
exhibits a notable decrease in the innate immune response compared 
to wild-type saRNA in vitro. These results further support exploration 
of m5C-modified saRNA. The next logical step in development is to 
use clinical-grade saRNA to evaluate safety and efficacy in non-human 
primate and human studies.

Other emerging RNA formats, notably circular RNA, may benefit 
from similar endeavors to screen for compatible modified nucleo-
tides49–52 and may shed light on the compatibility and interactions of 
modified nucleotides with diverse RNA structures. Similarly, exploring 
the effects of modified nucleotides in the broader family of alphavi-
ruses will also be key to further unlocking the potential of modified 
saRNA. This discovery enhances the potency of RNA vaccines and 
broadens the utility of saRNA.
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Methods
Template design and synthesis
All mRNA and saRNA templates took the form of linearized plasmid DNA. 
All saRNA templates were generated from a plasmid encoding nonstruc-
tural proteins 1–4 of the Venezuela equine encephalitis virus (VEEV) 
using either a CleanCap AU (TriLink BioTechnologies)-compatible 
T7 promoter (promoter sequence, TAATACGACTCACTATAAT) or a 
guanosine-5′-triphosphate (GTP)-compatible and anti-reverse cap 
analog (ARCA)-compatible T7 promoter (promoter sequence, TAATAC-
GACTCACTATAGGAT). Sequences from VEEV were derived from 
T7-VEE-GFP53, which was deposited by S. Dowdy (Addgene plasmid 
no. 58977)54. Reporter plasmids were generated by inserting the cod-
ing sequences for mCherry or firefly luciferase between 5′ and 3′ UTR 
sequences derived from human beta-globin. The National Center for 
Biotechnology Information (NCBI) reference sequence for the influ-
enza A hemagglutinin (Influenza A virus (A/California/07/2009(H1N1))) 
is available at YP_009118626.1, and the NCBI reference sequence for the 
SARS-CoV-2 spike protein with K986P-stabilizing and V987P-stabilizing 
mutations (Wuhan-Hu-1) is available at YP_009724390.1. Plasmids were 
cloned in DH5α Escherichia coli, purified using a ZymoPURE II Plasmid 
Midiprep Kit (Zymo Research), linearized with MluI-HF for 3 h at 37 °C 
and purified again using a QIAquick PCR Purification Kit (Qiagen).

RNA synthesis
mRNA and saRNA were synthesized using the MEGAscript T7 Tran-
scription Kit (Thermo Fisher Scientific) with 1 μg template and 
co-transcriptional capping through CleanCap AU (TriLink BioTech-
nologies). For IVT with ARCA, final concentrations of 12 mM ARCA and 
4 mM GTP were used. For ARCA experiments in which a GTP analog was 
used, the modified NTP was completely substituted to a final concen-
tration of 4 mM. The modified NTPs in all CleanCap AU IVT reactions 
were prepared according to the manufacturer’s protocol. IVT was 
performed for 3 h at 37 °C, followed by 10 min DNase treatment and 
30 min post-transcriptional polyadenylation using a Poly(A) Tailing 
Kit (Thermo Fisher Scientific). saRNA was purified using a MEGAclear 
Transcription Clean-Up Kit (Thermo Fisher Scientific) and eluted in 
DNase-free and RNase-free water before storing at −80 °C. The absorb-
ance at a wavelength of 260 nm of an equimolar, 1 mM mixture of all 
combinations of modified NTPs and NTPs was empirically determined 
using a NanoDrop2000 (Thermo Fisher Scientific). The adjusted fac-
tor for each modified NTP was used to calculate RNA concentration 
to ensure consistent delivery of modified NTPs (Table 1). RNA quality 
was assessed by denaturing gel electrophoresis. To measure dsRNA 
content, RNA (40–1,000 ng) was blotted onto Whatman Nytran Super-
Charge membranes (Cytiva), blocked with 5% nonfat dried milk in PBS-T 
buffer and then incubated overnight at 4 °C with dsRNA (76651, Cell 
Signaling Technologies) antibody at a 1:1,000 dilution or DNA–RNA  
hybrid antibody (S9.6, Active Motif) at a 1:5,000 dilution. Poly(I:C)  
(InVivoGen) was used as a positive control. The membranes were 
washed five times with PBS-T before incubation with horseradish per-
oxidase (HRP)-conjugated goat anti-mouse IgG secondary antibodies 
(1030-05, Southern Biotech) at a 1:10,000 dilution. The membranes 
were washed another five times with PBS-T and incubated for 5 min with 
SuperSignal West Pico PLUS Chemiluminescent Substrate (Thermo 
Fisher Scientific). Images were captured with an iBright Imaging System 
(Thermo Fisher Scientific).

Modified NTP saRNA screening in HEK293T
HEK293T cells were grown in DMEM containing 1 mM sodium pyruvate, 
10% FBS and 1% penicillin–streptomycin, plated at 70,000 cells per cm2 
in 96-well plates and allowed to adhere overnight. For the modified 
NTP screen, mCherry saRNA was transfected using Lipofectamine 
MessengerMax Transfection Reagent, according to the manufacturer’s 
protocol (Thermo Fisher Scientific). Twenty-four hours later, cells 
were prepared for flow cytometry analysis of mCherry expression. 

Cells were washed with 1X PBS, treated with 1X PBS containing 2 mM 
EDTA for 5 min and resuspended in fluorescence-activated cell sorting 
buffer (1X PBS with 2% BSA). Data were acquired using the Attune NxT 
Flow Cytometer (Thermo Fisher Scientific) and analyzed using FlowJo 
(v10.8.1). Fluorescence microscopy of selected modified NTPs was 
performed on a BioTek Cytation 5 microscope before preparation for 
flow cytometry analysis.

LNP formulation
saRNAs were encapsulated within LNPs with the following composition 
(mole percent): 50% SM-102 (33474, Cayman), 1.5% DMG-PEG 2000 
(880151, Avanti Polar Lipids), 10% 18:1 (Δ9-Cis) PE (DOPE) (850725, 
Avanti Polar Lipids) and 38.5% cholesterol (700100, Avanti Polar Lipids). 
RNA was loaded at an N:P molar ratio of 10. Before formulation, the 
aqueous and lipid phases were sterile filtered separately through 
0.22-μm filters. Formulations were performed in sterile RNAse-free 
conditions. After formulation, the LNPs were dialyzed against sterile 
RNAse free 1X PBS for 24 h at 4 °C. LNP morphology was characterized 
by dynamic light scattering using a NanoBrook Omni (Brookhaven 
Instruments). Encapsulation efficiency was determined using the 
QuantiFluor RNA System (Promega). To transfect primary T cells, 
monoclonal antibody-targeted LNPs were formulated using the 
post-insertion method55 with 0.1 mol% DSPE-PEG(2000) Maleimide 
(880126, Avanti Polar Lipids) for 1 h at room temperature. Next, the 
LNPs were reacted for 1 h at room temperature with anti-CD3, which 
was reduced with 1 mM tris(2-carboxyethyl)phosphine for 1 h at room 
temperature (clone OKT3, BioXCell).

Expression potentiation assays
HEK293T and C2C12 cells were grown in DMEM containing 10% FBS 
and 1% penicillin–streptomycin, and were passaged every 3 days. 
Twenty-four hours before transfection, the cells were washed with 
PBS, trypsinized and plated in 200 µl DMEM at 50,000 cells per well for 
HEK293T cells and 25,000 cells per well for C2C12 cells. For transfec-
tion, LNPs containing mRNA or saRNA encoding luciferase were added 
dropwise to the cells in triplicate at 10 ng or 100 ng per well. After 24 h, 
the luciferase expression was assayed using the Bright-Glo Luciferase 
Assay System (Promega).

Jurkat cells were grown in RPMI containing 10% FBS and 1% penicil-
lin–streptomycin and were maintained between 5 × 105 and 1 × 106 cells 
per ml. Before transfection, the cells were washed with PBS and plated in 
200 µl RPMI at 250,000 cells per well. For transfection, LNPs containing 
saRNA with or without modified nucleotides were added dropwise to 
cells in triplicate at 25, 100 or 250 ng per well. After 24 h, some cells were 
collected for flow cytometry analysis. The remainder of the cells were 
maintained in culture and assayed using flow cytometry at additional 
time points. For electroporation, Jurkat cells were washed three times 
with OptiMEM, and one million cells were electroporated with 1 μg of 
saRNA in OptiMEM buffer using a 4D-Nucleofector System (Lonza).

Primary human CD3+ T cells from three unique donors were iso-
lated by negative selection (RosetteSep T Cell Enrichment Cocktail, 
STEMCELL Technologies) from peripheral blood and were grown in 
RPMI containing 10% FBS and 1% penicillin–streptomycin supple-
mented with 50 U ml−1 interleukin (IL)-2, 10 ng ml−1 IL-7 and 10 ng ml−1 
IL-15. To activate the cells, Dynabeads Human T-Activator CD3/CD28 
(Thermo Fisher Scientific) were added to the cells at a 1:1 bead-to-cell 
ratio and incubated for 24 h. After activation, the Dynabeads were 
removed, and the T cells were rested for 24 h before transfection. 
Primary T cells were washed with PBS and plated at 100,000 cells per 
well in RPMI containing 10% FBS and 50 U ml−1 IL-2. For transfection, 
anti-CD3-conjugated LNPs (500 ng/dose) were dosed to each of three 
wells (for n = 3 biological replicates) such that the final volume in each 
well was 200 µl.

Primary human foreskin fibroblasts were grown in EMEM con-
taining 10% FBS and 1% penicillin–streptomycin, washed with PBS 
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and plated at 10,000 cells per well in DMEM containing 10% FBS.  
For transfection, LNPs were dosed in triplicate at different doses such 
that the final volume in each well was 200 µl.

PBMC early IFN response
Human PBMCs were thawed and rested for 24 h in RPMI containing 
10% FBS and 1% penicillin–streptomycin. A total of 500,000 cells 
(one million cells per milliliter) were plated in wells of a 24-well plate, 
and 250 ng of saRNA encapsulated within LNPs, formulated as previ-
ously described, was added dropwise to the PBMCs. After 6 or 24 h, 
the medium was collected after centrifugation and analyzed for IFN 
expression using the Human IFN-alpha All Subtype Quantikine ELISA 
Kit (R&D Systems) and the Human IFN-beta DuoSet ELISA (R&D Sys-
tems). cDNA was generated using the High-Capacity cDNA Reverse 
Transcription Kit (Thermo Fisher Scientific), according to the manu-
facturer’s protocol. qPCR for specific genes was carried out using 
TaqMan probes in TaqMan Fast Advanced Master Mix (Thermo Fisher 
Scientific). A Ubiquitin C probe with 2′-chloro-7′-phenyl-1,4-dichloro-
6-carboxyfluorescein (VIC) dye was used as the endogenous control 
for all qPCRs.

Antigen production in C2C12 Cells
C2C12 cells were grown in DMEM containing 10% FBS and 1% pen-
icillin–streptomycin, plated at 25,000 cells per well in 96-well tis-
sue culture-treated plates and allowed to adhere overnight. For 
transfection, LNPs containing mRNA or saRNA encoding each anti-
gen were added to cells in triplicate at 100 ng per well, except for 
hemagglutinin-encoding RNAs, which were dosed at 25 ng per well. 
After 24 h, cells were collected for flow cytometry analysis using the fol-
lowing monoclonal antibodies: SARS-CoV-2 Spike Protein (RBD) Human 
Monoclonal Antibody (51-6490-82, Thermo Fisher Scientific, 1:100 
dilution) and Influenza A H1N1 (A/California/07/2009) Hemagglutinin/
HA Antibody (11085-T62, SinoBiological, 1:1,000 dilution, APC conju-
gated). Identical treatments were performed for ELISA confirmation. 
Cells for ELISA were washed twice with PBS and then resuspended in 
1X PBS containing 0.1% Triton X-100. Cells underwent one freeze–thaw 
cycle before thorough mixing with a pipette to ensure lysis and mem-
brane disruption. ELISA was performed with antigen-specific sandwich 
ELISA kits according to the manufacturer’s protocol (SinoBiological).

Institutional approvals
All animal experiments described in this study were performed in 
accordance with protocols that were reviewed and approved by the 
Institutional Animal Care and Use Committee of Boston University 
(PROTO202100000026, PROTO202000020 and PROTO201800600). 
All mice were maintained in facilities accredited by the Association for 
the Assessment and Accreditation of Laboratory Animal Care. Vacci-
nation studies and replication-competent SARS-CoV-2 experiments 
were performed in biosafety level 2 (BSL-2) and biosafety level 3 (BSL-3) 
laboratories, respectively, at the Boston University National Emerging 
Infectious Diseases Laboratories (NEIDL). Bioluminescent imaging 
experiments were performed at Boston University.

Bioluminescent imaging
Female C57BL/6J mice 6–8 weeks old were obtained from The Jackson 
Laboratory (000664) and group housed in a room with lights main-
tained on a 12-h light/dark cycle, a temperature range of 20–26 °C, 
and 30–70% humidity. Mice were administered 50 µl of PBS or LNPs 
containing 2.5 µg of mRNA or saRNA by i.m. injections in the left 
hind limb. For imaging, the mice were anesthetized with 1–2% iso-
flurane and adminstered IVISbrite d-Luciferin RediJect Solution 
(PerkinElmer) by intraperitoneal injections 10 min before imaging. 
Imaging was performed with an IVIS Spectrum (PerkinElmer). Total 
flux analysis was performed with Aura Imaging Software (Spectral 
Instruments Imaging).

Virus production cell culture
VeroE6 cells were grown in DMEM (Thermo Fisher Scientific) supple-
mented with 10% heat-inactivated FBS (Bio-Techne) and 1% penicillin–
streptomycin (Thermo Fisher Scientific). A549-hACE2-TMPRSS2 cells 
were maintained in DMEM containing 10% FBS, 1% penicillin–strep-
tomycin and 2.5 µg ml−1 puromycin and blasticidin. All cell lines were 
maintained in a cell incubator at 37 °C with 5% CO2.

SARS-CoV-2 isolate stock
All replication-competent SARS-CoV-2 experiments were performed 
in a BSL-3 facility at the Boston University NEIDL. SARS-CoV-2 MA30 
was a generous gift of S. Perlman (University of Iowa), and rSARS-CoV-2 
WA-1/mNeonGreen was a generous gift of P.-Y. Shi (University of  
Texas Medical Branch). Viral stocks were prepared and titered as  
previously described56.

Mouse vaccine studies
Male and female C57BL/6J mice 8–10 weeks old were obtained from The 
Jackson Laboratory (000664). In the NEIDL BSL-2 and BSL-3 facilities, 
mice were group housed by sex in Green Line individually ventilated 
cages (Tecniplast). The room was maintained with a 12-h light/dark 
cycle at 20–26 °C and 30–70% humidity. Mice were administered 50 µl 
of PBS or LNPs containing 10 ng, 100 ng or 1,000 ng of mRNA or saRNA 
by i.m. injections in the hind limb. At 24 h and 48 h post vaccination, 
serum was collected by submandibular bleeding from five mice from 
each of the groups that received 1,000 ng mRNA or saRNA vaccinations 
for an analysis of the IFN response. At 21 days post initial vaccination, 
mice were administered a booster dose of PBS or vaccine (50 µl i.m., 
a dosage similar to that of the primary vaccination). At 35 days post 
vaccination, mice were transferred to the BSL-3 facility and challenged 
with MA30 virus, as described below.

SARS-CoV-2 challenge experiments
Vaccinated and boosted mice were intranasally inoculated with 1 × 105 
plaque-forming units of SARS-CoV-2 MA30 virus resuspended in 50 µl 
of 1X PBS. Mice were inoculated under 1–3% isoflurane anesthesia. 
Infected mice were monitored and clinically scored for changes in 
weight, respiration, appearance, responsiveness and behavior for 
14 days post infection. Mice with a cumulative clinical score of 4, or 
greater than 20% weight loss, were euthanized.

Serum preparation
Blood was collected at the designated time points by submandibular 
bleeding, and serum was isolated by centrifuging blood in a benchtop 
centrifuge at 1,000g for 10 min at room temperature. Serum was then 
collected, transferred to a new Eppendorf tube and stored at −80 °C 
for downstream analysis.

Serum IFN analysis
Serum IFNα1 and IFNβ were analyzed using the ELISA MAX Deluxe  
Set Mouse IFN-α1 (447904, BioLegend) and the LEGEND MAX Mouse 
IFN-β ELISA Kit (439407, BioLegend), respectively.

SARS-CoV-2 spike IgG titer measurements
Total SARS-CoV-2 spike binding IgG antibody titers were measured 
using ELISA. Nunc Maxisorp ELISA Plates (96 wells, 423501, BioLeg-
end) were coated overnight at 4 °C with 0.5 μg ml−1 of recombinant 
SARS-CoV-2 Spike His Protein (10549-CV, R&D Systems) in PBS. The 
plates were blocked with 1% BSA in PBS. Binding IgG was detected 
using HRP-conjugated Goat Anti-Mouse IgG (1030-05, Southern-
Biotech). A dilution series of purified SARS-CoV-2 neutralizing 
monoclonal antibodies was used for standardized quantification 
(A02057, Genscript). TMB Substrate Solution (N301, Thermo Fisher 
Scientific) with sulfuric acid stop solution was used for colorimetric  
detection.
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Serum neutralization assay
The day before experiments, 2 × 104 A549-hACE2-TMPRSS2 cells were 
plated in 96-well plates. Decomplementation of serum was performed 
at 56 °C for 30 min. Serum was diluted 1:5 in OptiMEM, and subsequent 
threefold dilutions were prepared. Diluted serum was mixed with 
rSARS-CoV-2 WA-1/mNeonGreen (2019-nCoV/USA-WA1/2020 strain) for 
1 h at room temperature before plating. Viral adsorption was performed 
at 37 °C for 1 h. The serum–virus mixture was removed, and 200 μl of 
fresh DMEM containing 2% FBS and 1% penicillin–streptomycin was 
added to each well. Cells were then incubated for 24 h at 37 °C with 
5% CO2. After incubation, cells were trypsinized, washed with 1X PBS 
and fixed with 4% paraformaldehyde for 1 h. Cells were analyzed on a 
Beckman Coulter LSRII Flow Cytometer and analyzed using FlowJo 
analysis software (v10.9.0).

Statistical analysis
All statistical analyses were performed using GraphPad Prism 9. Each 
statistical test was performed as described in the figure legends.

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

Data availability
Antigen sequences used in the current study are accessible from 
NCBI. The NCBI reference sequence for the influenza A hemaggluti-
nin (Influenza A virus (A/California/07/2009(H1N1))) is available at 
YP_009118626.1, and the NCBI reference sequence for the SARS-CoV-2 
spike protein with K986P-stabilizing and V987P-stabilizing mutations 
(Wuhan-Hu-1) is available at YP_009724390.1. The source data sup-
porting the findings of the study are available with the manuscript as 
a supplementary file.
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