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Significance

 Protein-coding circular RNA 
(circRNA) is an exciting RNA cargo 
capable of inducing strong 
protein production with greater 
durability of expression than 
linear species such as messenger 
RNA (mRNA). There is a dearth 
of literature describing the 
refinement of existing RNA 
delivery technologies for the 
effective encapsulation and 
delivery of this emerging cargo. 
Lipid nanoparticles (LNPs) are the 
preeminent nonviral RNA delivery 
technology, as demonstrated by 
the Pfizer/BioNTech and 
Moderna mRNA LNP vaccines 
against SARS-CoV-2. However, 
these vaccines were enabled 
by years of refining LNPs for use 
with bulkier mRNA cargo. This 
study identifies key LNP 
formulation parameters for 
circRNA encapsulation and 
delivery and applies these 
insights to the development of a 
circRNA LNP vaccine against 
SARS-CoV-2.
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With the advent and widespread use of messenger RNA (mRNA) vaccines against 
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), RNA vaccines have 
emerged as an exciting class of vaccine offering low cost, rapid development, and high 
modularity and manufacturability. Protein-coding circular RNA (circRNA) is an 
emerging class of RNA cargo that offers increased stability compared to mRNA with 
potentially reduced immunogenicity, but delivery technologies for intracellular delivery 
of circRNA remain underexplored. Here, we develop an optimized lipid nanoparticle 
(LNP) platform for circRNA delivery to immune cells, observing strong and durable 
transgene expression in vitro and in vivo. We employ a design-of-experiments (DoE) 
methodology to identify key formulation parameters for enhanced circRNA delivery 
and, upon intramuscular administration of our optimized circRNA LNPs to mice, 
observe substantial accumulation within draining lymph nodes and strong dendritic 
cell (DC) maturation at short time points. Applying this optimized circRNA LNP plat-
form to vaccination against SARS-CoV-2, we demonstrate robust antibody production 
and enhanced immune responses in mice compared to vaccination with mRNA LNPs, 
including strong Th1-biased cellular responses and a 3.8-fold increase in antigen-specific 
reciprocal endpoint IgG titers. These results provide insights into design criteria for 
circRNA LNP formulations and support the use of circRNA LNPs for vaccination 
against infectious diseases.

RNA | vaccine | lipid nanoparticle | SARS-CoV-2 | circular RNA

 Messenger RNA (mRNA) lipid nanoparticle (LNP) vaccines against severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2) have seen widespread deployment during 
the COVID-19 pandemic, proving themselves both safe and highly effective at reducing 
disease-associated morbidity and mortality ( 1 ,  2 ). These RNA vaccines offer low produc-
tion costs with unprecedentedly rapid development and manufacturing ( 3 ). Furthermore, 
vaccination platforms based on RNA possess a high degree of modularity, which has 
spurred numerous investigations into the development of RNA vaccines against influenza 
and other infectious diseases ( 4 ,  5 ).

 Circular RNA (circRNA) is an emerging RNA cargo, unique in that it is covalently 
closed. circRNA is substantially more stable than linear RNA species in the cell due to its 
resistance to exonuclease-mediated degradation, allowing more durable transgene expres-
sion than mRNA ( 6 ,  7 ). This potential for durable gene expression is attractive both for 
protein replacement therapies and for vaccination, providing a potential route for dose 
sparing ( 8 ,  9 ). Furthermore, while nucleoside modification of exogenous mRNA is essen-
tial to reduce its immunogenicity to manageable levels ( 10 ,  11 ), protein-coding circRNA 
has no such requirement, demonstrating low immunogenicity even with only canonical 
nucleosides ( 7 ), a favorable attribute for manufacturability. Just as the advent of nucleoside 
modification enabled the present mRNA renaissance, so too have recent advances in RNA 
synthesis and circularization enabled advances in circRNA technology, leading to renewed 
interest in circRNA as a new class of RNA for therapeutics and vaccines ( 6 ,  12 ).

 As circRNA is a relatively new class of RNA payload, drug delivery technologies tailored 
for the cargo have yet to emerge. Like other RNA types, circRNA is a fragile payload, 
sensitive to abundant endogenous nucleases and unable to transit the cell membrane by 
itself due to its negative charge ( 9 ). While previous studies have effectively encapsulated 
and delivered circRNA using LNPs, most investigators have simply adopted LNP formu-
lation parameters previously optimized for mRNA or small interfering RNA (siRNA) 
delivery ( 7 ,  13   – 15 ), and the development of design criteria for circRNA LNP formulations 
remains an underexplored area. As reoptimization of historical siRNA LNP formulations 
for mRNA delivery previously resulted in substantial improvements in mRNA transfection 
( 16 ), there is reason to think that the development of circRNA-tailored LNP formulation 
parameters could provide enhanced circRNA transfection.
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 In this work, we identify an ionizable lipid capable of strong 
immune cell circRNA transfection in vitro and in vivo, outper-
forming clinical standard ionizable lipids. We perform iterative 
design-of-experiments (DoE) optimization of LNP formulation 
parameters with this ionizable lipid to further improve LNP- 
mediated circRNA transfection by up to 20-fold, identifying key 
design parameters for effective circRNA encapsulation and delivery. 
We administer our optimized circRNA LNPs to mice and note 
LNP accumulation in antigen-presenting cells (APCs) in draining 
lymph nodes and strong transfection within secondary lymphoid 
tissues. Finally, we evaluate our optimized circRNA LNP formu-
lation for immunization against SARS-CoV-2 variant B.1.617.2 
(Delta) in mice, demonstrating enhanced immune responses com-
pared to mRNA LNPs, including a 3.8-fold increase in antigen- 
specific reciprocal endpoint serum IgG titers. 

Results

LNPs Formulated with Ionizable Lipid 12D6.2 Effectively Deliver 
Circular RNA Cargo. While circRNA delivery using LNPs has 
been reported previously, relatively little optimization of the 
lipid components has been performed, with the bulk of previous 
optimization work focusing on the RNA cargo (6, 7, 17). As 
different nucleic acid cargoes have demonstrated varying optima 
in lipid makeup for cargo delivery (16, 18), we reasoned that 
tailoring LNPs for circRNA could yield improved encapsulation 
and transfection characteristics compared to simply adopting 
existing LNP formulations optimized for mRNA delivery. As a 
starting point for circRNA LNP optimization, we first sought 
to identify an ionizable lipid capable of facilitating circRNA 
transfection in immune cells. Our group has previously reported 
immune cell transfection with mRNA using the piperazine-
derived ionizable lipids C14-482, C14-488, and C14-494 (19–
22), so we evaluated these lipids for circRNA delivery. We also 
evaluated the biodegradable ionizable lipids 5D6.2 (23), 8D6.2 
(23), 12D6.2 (23), 12T-O14 (24), and 11-10-8 (25), previously 
explored for hepatic gene editing applications. We compared all 
nine ionizable lipids against three clinical LNP formulations: 
Spikevax (Moderna), an mRNA LNP formulation containing the 
SM-102 ionizable lipid; Comirnaty (Pfizer/BioNTech), an mRNA 
LNP formulation containing the ALC-0315 ionizable lipid; and 
Onpattro (Alnylam), an siRNA LNP formulation containing the 
DLin-MC3-DMA (MC3) ionizable lipid.

 We formulated LNPs encapsulating circRNA encoding the 
NanoLuc engineered luciferase using microfluidic mixing. After 
assessing size distribution and entrapment efficiency of the result-
ant LNPs (SI Appendix, Table S1 ), we transfected DC2.4 murine 
dendritic cells (DCs), Jurkat human T cells, and RAW 264.7 
murine macrophages and assessed bioluminescence 24 h later 
using a plate reader. In all immune cell lines tested, novel ionizable 
lipids substantially outperformed clinical controls in terms of cir-
cRNA transfection ( Fig. 1 A –C  ). Of particular note were the ion-
izable lipids C14-488, C14-494, 5D6.2, and 12D6.2, each of 
which significantly outperformed MC3 for circRNA transfection 
in at least two of the three cell lines tested.        

 As relationships between in vitro and in vivo LNP performance 
are often weak ( 26 ), we further evaluated the performance of our 
candidate circRNA LNPs in vivo. Twelve hours after i.m.  admin-
istration of NanoLuc circRNA LNPs to mice, we performed 
whole-body bioluminescence imaging to evaluate transfection 
profiles ( Fig. 1 D  and E  ). Here, we identified C14-482, 5D6.2, 
8D6.2, 12D6.2, SM-102, and ALC-0315 as promising candidate 
ionizable lipids for in vivo circRNA transfection. Notably, the 

C14-488 ionizable lipid, which emerged as a lead candidate from 
in vitro screening, demonstrated poor in vivo performance, estab-
lishing its status as a false positive and underscoring the impor-
tance of in vivo validation of LNP performance. Conversely, the 
ALC-0315 and SM-102 lipids, which performed poorly in vitro, 
demonstrated moderate-to-strong in vivo transfection, making 
them apparent examples of false negatives and poor candidates 
for subsequent in vitro LNP optimization experiments. However, 
several ionizable lipids emerged as true positives, demonstrating 
strong transfection both in vitro and in vivo ( Fig. 1F  ). While some 
of these (C14-482, 8D6.2) demonstrated clear transfection of the 
liver, 12D6.2 LNPs demonstrated apparent transfection of the 
lymph nodes. Based on its promising in vitro and in vivo screening 
results, 12D6.2 ( Fig. 1G  ) emerged as the lead ionizable lipid can-
didate for further optimization for circRNA delivery.  

DoE Optimization Identifies Key Parameters for Enhanced 
circRNA LNP Transfection. Having identified 12D6.2 as a 
promising ionizable lipid for circRNA transfection, we next 
sought to improve its performance with formulation optimization. 
Previous studies have shown that the composition of LNP lipid 
components can strongly influence delivery ex vivo and in vivo and 
that the optimal LNP makeup can vary across cargo types (16, 18, 
21, 27, 28). To refine our LNP composition for circRNA delivery, 
we therefore set out to investigate the influence of several factors 
on circRNA LNP performance. The first factor we investigated 
was the weight ratio of ionizable lipid to RNA cargo. Historically, 
siRNA LNP formulations have employed a 5:1 weight ratio, 
while many preclinical mRNA LNPs have used a ratio of 10:1 
and more recently developed LNPs use a ratio as high as 20:1 
(16, 29). As circRNA is a relatively large, covalently closed nucleic 
acid cargo, we opted to investigate the DOPC and SOPC helper 
lipids, previously employed for plasmid DNA (pDNA) delivery 
(18), in addition to the typical DSPC and DOPE helper lipids 
often employed for siRNA and mRNA delivery applications (16). 
We further investigated the influence of relative amount of both 
12D6.2 ionizable lipid and helper lipid on LNP performance, as 
we reasoned that coordination with circRNA cargo could play an 
important role in improving circRNA encapsulation and delivery.

 We used a Taguchi orthogonal DoE approach to reduce our 
initial design space of 256 distinct LNP formulations to a more 
manageable 16 formulations [Taguchi  L16(44) ] ( Fig. 2 A  and B  ). 
We formulated these LNPs encapsulating NanoLuc circRNA 
(“library A”) and, after physical characterization (SI Appendix, 
Table S2 ), again used them to transfect immune cell lines, com-
paring their transfection performance to the unoptimized 12D6.2 
LNP based on typical mRNA LNP formulations ( Fig. 2 C –E  ). 
This screen identified four LNP formulations with significantly 
greater NanoLuc transfection than the unoptimized 12D6.2 for-
mulation in Jurkat cells ( Fig. 2D  ) and two LNP formulations with 
significantly greater transfection in RAW 264.7 cells ( Fig. 2E  ). 
We noted that the LNPs formulated with the SOPC helper lipid 
and greater lipid:RNA weight ratios generally performed best in 
all three cell lines ( Fig. 2 F –K  ). This finding is consistent with the 
hit formulations identified, as the lead A14 LNP formulation is 
formulated with the SOPC helper lipid and at an ionizable 
lipid:RNA weight ratio of 20:1. Furthermore, these findings are 
consistent with the theory of ionizable lipid/helper lipid coordi-
nation with RNA cargo playing an important role in circRNA 
LNP performance.        

 Having identified favorable compositional parameters for cir-
cRNA encapsulation and delivery, we set out to further refine our 
LNP composition. We selected the SOPC helper lipid and 20:1 
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Fig. 1.   LNPs formulated with the ionizable lipid 12D6.2 enable potent circRNA transfection in vitro and in vivo. (A–C) Relative NanoLuc expression in DC2.4 murine 
dendritic cells (DCs) (A), Jurkat human T cells (B), and RAW 264.7 murine macrophages (C) 24 h following transfection with unoptimized circRNA LNPs containing 
various ionizable lipids at a dose of 1 ng circRNA equivalent per 10,000 cells. Reported luminescence values are presented relative to DLin-MC3-DMA (MC3) 
circRNA LNPs. (D and E) Quantification (D) and bioluminescence images (E) of whole body NanoLuc expression in C57BL/6 mice 12 h following i.m. administration 
of unoptimized circRNA LNP formulations containing various ionizable lipids at a dose of 4 µg circRNA equivalent. (F) Comparison of in vitro and in vivo NanoLuc 
expression after treatment with unoptimized circRNA LNPs. (G) Chemical structure of lead ionizable lipid 12D6.2 for circRNA transfection. Data are presented 
as mean ± SEM (in vitro experiments: n = 5 independent biological replicates with 6 technical replicates each; in vivo experiments: n = 4 independent biological 
replicates). Nested two-sided, one-way analyses of variance (ANOVAs) with post hoc t tests using the Holm–Šídák correction for multiple comparisons were used 
for inferential analysis of LNP performance. Indicated P values summarize results from comparison to MC3 LNPs.
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weight ratio for all subsequent LNP formulations and opted to 
again vary ionizable lipid and helper lipid amount. In this opti-
mization study, we also selected cholesterol content as a potentially 

interesting factor due to the role of cholesterol in lipid membrane 
rigidity and fusion ( 30 ). We again employed a DoE approach, 
formulating another 9 LNPs (“library B”) to probe this refined 

Fig. 2.   Design-of-experiments (DoE) optimization of LNP lipid excipients enhances leukocyte circRNA transfection. (A) Schematic overview of the circRNA LNP optimization 
approach. A pair of sequential orthogonal DoE iterations was used to identify key parameters for circRNA encapsulation and transfection using LNPs. (B) Summary of 
lipid parameters investigated in orthogonal DoE refinement. Relative NanoLuc expression and library hit rate in DC2.4 murine DCs (C), Jurkat human T cells (D), and 
RAW 264.7 murine macrophages (E) 24 h following transfection with 12D6.2 LNPs of varying excipient composition at a dose of 1 ng circRNA equivalent per 10,000 cells. 
Blue bars (label: 12D6.2) and horizontal dashed lines represent the unoptimized formulation. Reported luminescence values are presented relative to the unoptimized 
formulation. (F–K) Analyses of the influence of helper lipid identity (F, H, and J) and ionizable lipid:circRNA weight ratio (G, I, and K) on relative leukocyte transfection 
in vitro, irrespective of other formulation parameters. (L) Summary of key differences in formulation parameters between standard and DoE-optimized (B7) 12D6.2 
LNPs. (M) Dose–response data for 12D6.2 and B7 NanoLuc circRNA LNPs in DC2.4 cells. Data are presented as mean ± SEM ( n = 5 independent biological replicates 
with 4 to 8 technical replicates each). Nested two-sided, one-way analyses of variance (ANOVAs) with post hoc t tests using the Holm–Šídák correction for multiple 
comparisons were used for inferential analysis of LNP performance. Indicated P values summarize results from comparison to unoptimized 12D6.2 circRNA LNPs.
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design space ( Fig. 2 A  and B   and SI Appendix, Table S3 ). Evaluating 
these LNPs in immune cell lines using NanoLuc, we observed 
additional potent LNP formulations and a greater hit rate than 
in library A ( Fig. 2 C –E  ). Strikingly, in Jurkat and RAW 264.7 
cells, every formulation in library B exhibited significantly greater 
transfection than the mRNA-optimized base 12D6.2 LNP for-
mulation ( Fig. 2 D  and E  ). Based on these results, we selected the 
B7 formulation, which demonstrated at least fivefold greater cir-
cRNA transfection than the unoptimized 12D6.2 LNP formula-
tion in all immune cell types tested and outperformed the base 
formulation at all tested doses in DC2.4 cells, as our lead candi-
date for further evaluation ( Fig. 2 L  and M  ).

 Interestingly, we observed that B7 circRNA LNPs, which 
demonstrated strong immune cell transfection, possessed atypical 
physicochemical properties for potent RNA LNPs. Namely, B7 
circRNA LNPs were relatively large and demonstrated relatively 
low RNA entrapment efficiency (SI Appendix, Table S3 ). Future 
work should more closely evaluate the relationship between cir-
cRNA LNP physicochemical characteristics and immune trans-
fection to determine whether optimal LNP properties for circRNA 
vaccines may differ from those of mRNA drugs and possible 
mechanisms responsible for these differences, which could poten-
tially include factors such as differences in endocytic pathway, 
endosomal escape, or interactions with intracellular vesicles. It is 
also likely that these parameters exhibit synergistic effects with 
﻿e.g. , ionizable lipid structure, as evidenced by preliminary data 
demonstrating differential effects of the B7 formulation when 
combined with clinical ionizable lipids (SI Appendix, Fig. S1 ). 
For instance, the substantial structural differences between the 
multibranched-tail 12D6.2 ionizable lipid ( Fig. 1G  ) and the clin-
ical SM-102, ALC-0315, and DLin-MC3-DMA ionizable lipids 
could play a role in the impact of the B7 formulation on circRNA 
transfection.  

Optimized circRNA LNP Formulations Accumulate in and 
Transfect Secondary Lymphoid Organs Following i.m. 
Administration. RNA vaccines depend on the translation of 
antigen and its presentation in secondary lymphoid organs (11). 
While the precise mode of antigen production and transport 
is not fully understood, localization within the secondary 
lymphoid organs is crucial (31). We therefore endeavored to 
evaluate the in  vivo translation and biodistribution profiles of 
our optimized circRNA LNP formulations. We formulated B7 
LNPs encapsulating NanoLuc circRNA along with unoptimized 
12D6.2 LNPs encapsulating either NanoLuc mRNA or NanoLuc 
circRNA. We tagged LNPs with the lipophilic fluorescent dye 
DiD, then administered LNPs i.m. to mice, collecting organs 
12 h later for bioluminescence and fluorescence imaging. Using 
fluorescence imaging, we observed significant LNP accumulation 
in the inguinal and iliac lymph nodes (Fig. 3 A, D, and E) and 
apparent but not statistically significant accumulation in the spleen 
(Fig. 3C). We also observed marked accumulation of unoptimized 
12D6.2 circRNA LNPs in the liver, which appeared to be reduced 
for our optimized B7 circRNA LNPs (Fig. 3 A and B).

 Bioluminescence imaging of mouse organs showed apparent 
transfection in the liver, inguinal and iliac lymph nodes, and spleen 
( Fig. 3 F –J  ). Interestingly, optimized B7 circRNA LNPs displayed 
significantly greater liver transfection than either of the other LNP 
groups, despite demonstrating less accumulation. Optimized B7 
circRNA LNPs demonstrated apparent increases in mean trans-
fection compared to unoptimized 12D6.2 circRNA LNPs in the 
liver, spleen, and both types of lymph node (~4.7-fold increase in 
inguinal lymph nodes and ~4.4-fold increase in iliac lymph 

nodes), consistent with observed in vitro potency increases. While 
still lower than the expression induced by mRNA LNPs, this 
apparent partial rescue of protein production by LNP optimiza-
tion is promising for circRNA vaccines, where strong and pro-
longed antigen production is desirable.

 To better understand cellular interactions with our LNPs in 
secondary lymphoid organs, we further performed flow cytomet-
ric analysis of DiD fluorescence in cells isolated from the inguinal 
and iliac lymph nodes ( Fig. 3 K –R  ) as well as from the spleen and 
peripheral blood (SI Appendix, Fig. S2 ). We observed significant 
and uniform accumulation of our optimized B7 circRNA LNPs 
in B cells, myeloid cells, and conventional DCs in both sets of 
lymph nodes, with roughly 10 to 15% DiD positivity across cell 
types in the inguinal lymph nodes ( Fig. 3 K –N  ) and roughly 40% 
DiD positivity in the iliac lymph nodes ( Fig. 3 O –R  ). Whereas 
unoptimized 12D6.2 mRNA/circRNA LNPs demonstrated sig-
nificant accumulation within T cells in the inguinal lymph nodes, 
optimized B7 circRNA LNPs did not, suggesting preferential 
accumulation in APCs, a promising phenomenon for vaccine 
applications. Analysis of spleens and blood also demonstrated 
LNP accumulation in splenic leukocytes, though with somewhat 
less bias toward APC accumulation (SI Appendix, Fig. S2 A –D ), 
as well as strong accumulation of circRNA LNPs within circu-
lating APCs (SI Appendix, Fig. S2 E –H ). This enhanced accumu-
lation in APCs may be in part due to the size of B7 circRNA 
LNPs, which may promote phagocytosis in immune tissues. All 
told, these data suggest that optimized B7 circRNA LNPs can 
localize in APCs in secondary lymphoid organs following i.m.  
administration and that they induce strong transfection within 
these tissues.  

circRNA LNPs Induce Durable Transgene Expression. A major 
advantage of circRNA over linear RNA species is its potential 
for long-lived gene expression. To assess the expression kinetics 
elicited by our optimized circRNA LNPs, we first evaluated 
in vitro NanoLuc expression in DC2.4 cells. We transfected cells 
with one of four LNP formulations: 1) clinical standard ALC-
0315 LNPs encapsulating mRNA, 2) 12D6.2 LNPs encapsulating 
mRNA, 3) unoptimized 12D6.2 LNPs encapsulating circRNA, or 
4) optimized B7 LNPs encapsulating circRNA. Daily for the next 
10 d, we measured bioluminescence signal using a plate reader 
(Fig. 4A). Strikingly, both circRNA LNPs tested demonstrated 
substantially greater transgene expression than either mRNA 
LNP formulation, even at earlier timepoints when cap-dependent 
mRNA translation—which is rapid-onset and would be expected 
to continue until substantial RNase-mediated cargo degradation 
occurs—would be expected to outpace relatively slow cap-
independent circRNA translation (32). The optimized B7 circRNA 
LNP formulation demonstrated remarkable transgene expression, 
with an area-under-the-curve (AUC) analysis identifying a nearly 
fourfold increase in cumulative translation compared to the 
unoptimized 12D6.2 circRNA formulation and an over 20-fold 
increase in cumulative expression compared to the 12D6.2 mRNA 
formulation (Fig. 4B). We also assessed the relative persistence of 
gene expression by comparing bioluminescence measurements to 
the performance of each group on the first day after transfection, 
observing greater expression durability in both circRNA treatment 
groups than in either mRNA treatment group, as expected 
(Fig. 4C).

 As optimized B7 circRNA LNPs demonstrated favorable 
in vitro expression kinetics, we next set out to evaluate the in vivo 
expression kinetics of our LNP formulations. We administered 
mRNA or circRNA LNPs i.m.  to mice and performed whole-body 
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Fig. 3.   Optimized circRNA LNPs accumulate in and transfect secondary lymphoid tissues following i.m. administration. (A–E) Images (A) and quantification (B–E) 
of fluorescence signal from DiD-tagged LNPs 12 h following i.m. administration in C57BL/6 mice at a dose of 4 µg circRNA equivalent. Mice were treated with 
phosphate-buffered saline (PBS), 12D6.2 LNPs containing mRNA (12D6.2 mRNA), unoptimized 12D6.2 LNPs containing circRNA (12D6.2 circRNA), or optimized 
12D6.2 LNPs containing circRNA (B7 circRNA). (F–J) Images (F) and quantification (G–J) of luminescence signal 12 h following i.m. administration of LNPs containing 
NanoLuc RNA to C57BL/6 mice. IVIS images are separated by white space to indicate multiple original sources as images were taken at different times or data 
were excluded due to failed injections. (K–N) Flow cytometric analysis of accumulation of DiD-tagged LNPs within CD19+ B cells (K), CD3+ T cells (L), CD11b+ 
myeloid cells (M), and CD11c+ DCs (N) in the inguinal lymph nodes 12 h following i.m. administration. (O–R) Flow cytometric analysis of accumulation of DiD-
tagged LNPs within CD19+ B cells (O), CD3+ T cells (P), CD11b+ myeloid cells (Q), and CD11c+ DCs (R) in the iliac lymph nodes 12 h following i.m. administration. 
Data are presented as mean ± SEM ( n = 5 independent biological replicates). Two-sided, one-way analyses of variance (ANOVAs) with post hoc t tests using the 
Holm–Šídák correction for multiple comparisons were used for inferential analysis of LNP performance.
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bioluminescence measurements over the course of 28 d ( Fig. 4 D  and 
﻿G –J  ). Here, we observed that mRNA LNPs conferred generally higher 
NanoLuc expression levels, contrary to in vitro results ( Fig. 4D  ). 
Notably, however, while 12D6.2 mRNA LNPs demonstrated roughly 
order-of-magnitude greater cumulative gene expression than unop-
timized 12D6.2 circRNA LNPs throughout the study, we observed 
gene expression characteristics more comparable to mRNA LNPs 
with optimized circRNA LNPs, achieving a 2.6-fold improvement 
in NanoLuc expression compared to unoptimized circRNA LNPs 
( Fig. 4E  ). This finding is consistent with prior transfection data sug-
gesting that LNP optimization can partially rescue decreased protein 
production from circRNA cargo relative to mRNA ( Fig. 3 F –J  ). 
Moreover, we again observed an apparently slower decay of lumines-
cence signal for circRNA LNPs relative to mRNA LNPs containing 
the same ionizable lipid, particularly at short time points (up to seven 
days post-transfection) ( Fig. 4 F  and G  ). All told, these data suggest 
strong durability of transgene expression lasting up to 28 d after 
administration, with circRNA LNP optimization substantially bol-
stering in vivo transgene expression.  

circRNA LNPs Promote In Vivo DC Maturation in Draining Inguinal 
Lymph Nodes. Having demonstrated the transfection potential of 
our circRNA LNP formulations in secondary lymphoid organs 
and strong expression kinetics, we next sought to evaluate LNP 
immune interactions. We encapsulated RNA encoding the spike (S) 
glycoprotein of SARS-CoV-2 variant B.1.617.2 (Delta) in LNPs 
and delivered them via i.m. administration to mice. The following 
day, we isolated iliac and inguinal lymph nodes and performed 
flow cytometric analysis of lymph node DCs, evaluating expression 
of the DC maturation markers CD80 and CD86 (Fig. 5A). In 
the iliac lymph nodes, we observed a significant increase in CD86 
expression by DCs following treatment with ALC-0315 mRNA 
LNPs but no other significant differences (Fig. 5 D–E). However, 
in the inguinal lymph nodes, we observed significant increases in 
both CD80 and CD86 expression by DCs following treatment 
with B7 circRNA LNPs (Fig. 5 B and C). These increases were 
comparable to those observed for clinical standard ALC-0315 
mRNA LNPs, and CD86 expression was significantly greater 
following treatment with optimized B7 circRNA LNPs than 
after 12D6.2 mRNA LNP treatment. These results indicate 
that B7 circRNA LNPs can promote DC maturation, suggestive 
of effective self-adjuvanticity, an attractive property for vaccine 
applications.

circRNA LNP Vaccine Against SARS-CoV-2 Produces Strong 
Cellular and Humoral Immune Responses. As B7 circRNA LNPs 
had demonstrated their potential for immune stimulation, we finally 
sought to explore their use for vaccination against infectious diseases. 
We formulated LNPs encapsulating mRNA or circRNA encoding 
SARS-CoV-2 B.1.617.2 (Delta) S glycoprotein, immunizing mice 
on days 0 and 21 with one of three LNP formulations: 1) ALC-
0315 mRNA LNPs, 2) 12D6.2 mRNA LNPs, or 3) optimized 
B7 circRNA LNPs. To investigate the potential for dose sparing, 
we also tested a single administration of optimized B7 circRNA 
LNPs on day 0, reasoning that prolonged antigen expression 
following circRNA transfection might obviate the need for a second 
administration. On day 35, mice were euthanized according to our 
approved IACUC protocol and we assessed SARS-CoV-2 receptor 
binding domain (RBD)-specific T cell responses and serum levels of 
anti-RBD antibody as measures of cellular and humoral immunity, 
respectively (Fig. 6A). All vaccination schemes produced high levels 
of anti-RBD IgG (Fig. 6 B–D); however, the single-administration 
circRNA LNP vaccination approach yielded significantly lower 

total IgG serum levels than the prime-boost circRNA vaccination 
scheme (Fig.  6D). Nonetheless, optimized B7 circRNA LNPs 
engendered comparable levels of anti-RBD IgG2c and IgG1 
to clinical standard ALC-0315 mRNA LNPs (Fig. 6 C and D) 
and apparently higher levels of total anti-RBD IgG than either 
mRNA LNP tested, demonstrating roughly 3.8-fold greater total 
IgG titers than ALC-0315 mRNA LNPs and roughly fivefold 
greater titers than 12D6.2 mRNA LNPs (Fig. 6B). Moreover, all 
LNP treatments following a prime-boost immunization scheme 
induced a Th1-skewed response as reflected by IgG2c/IgG1 ratio 
(Fig.  6E), favorable for strong immune protection that avoids 
disease enhancement (32). In sum, optimized B7 circRNA LNPs 
appeared to induce a stronger humoral immune response than 
ALC-0315 mRNA LNPs, demonstrating the promise of this 
platform for circRNA vaccination.

 We next evaluated cellular immune responses to LNP vaccination 
by stimulating splenocytes from vaccinated mice with SARS-CoV-2 
B.1.617.2 (Delta) RBD peptide. We performed intracellular stain-
ing to facilitate flow cytometric analysis of cytokine production. 
Among CD4+  T cells, we broadly observed comparable levels of 
Th 1-associated cytokines ( Fig. 6 F –H  ) following vaccination with 
ALC-0315 mRNA LNPs or with optimized B7 circRNA LNPs, 
either with or without the boost dose; however, we generally 
observed similar or lower levels of Th 2-associated cytokines ( Fig. 6 
﻿I –K  ) following vaccination with optimized B7 circRNA LNPs com-
pared to ALC-0315 mRNA LNPs, again suggestive of a Th 1-shifted 
immune response. We also evaluated cytokine production by CD8+  
T cells, observing similar or lower levels of interferon (IFN)- γ 
( Fig. 6L  ), interleukin (IL)-2 ( Fig. 6M  ), and tumor necrosis factor 
(TNF) ( Fig. 6N  ) in groups receiving optimized B7 circRNA LNPs 
compared to those receiving mRNA LNPs. We also observed similar 
or higher rates of CD8+ IFN- γ+ CD107a+  T cells in groups receiving 
optimized B7 circRNA LNPs compared to mRNA LNPs ( Fig. 6O  ). 
Moreover, we observed increases in polyfunctional T cell frequency 
following RNA LNP vaccination (SI Appendix, Fig. S3 ). 
Interestingly, cytokine production was generally higher in groups 
receiving only a single administration of circRNA LNPs compared 
to those receiving a boost dose. Future studies should closely inves-
tigate the kinetics of circRNA vaccine immune responses to establish 
optimized prime-boost regimens for vaccination given the durable 
antigen production potential of circRNA. Together with serum 
antibody analysis, these data suggest a Th 1-biased cellular immune 
response to vaccination with circRNA LNPs with comparable or 
superior levels of humoral immunity to clinical-standard ALC-0315 
mRNA LNPs.   

Discussion

 circRNA is an attractive emerging RNA cargo for use in thera-
peutics and vaccines due to its stability in biological environments, 
arising from its covalently closed structure. However, surprisingly 
little investigation has been performed to optimize circRNA deliv-
ery in vivo, with most protein-coding circRNA delivery studies 
simply repurposing mRNA LNP formulations ( 7 ,  13   – 15 ). Here, 
we systematically optimized LNP formulation parameters to engi-
neer circRNA LNPs for cargo delivery to immune cells in vivo.

 We first identified an ionizable lipid, 12D6.2, with promising 
circRNA encapsulation and delivery characteristics using a com-
bination of in vitro and in vivo screening ( Fig. 1 ). This ionizable 
lipid is easily and rapidly synthesized using commercially avail-
able reagents ( 23 ). Excitingly, unoptimized 12D6.2 circRNA 
LNPs mediate circRNA transfection in immune cell lines and 
induce greater transgene expression than clinical standard LNP 
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Fig. 4.   circRNA LNP formulation optimization drives durable protein translation in vitro and in vivo. (A) Relative NanoLuciferase (NanoLuc) expression by DC2.4 
murine DCs following treatment with mRNA or circRNA LNPs at a dose of 10 ng circRNA equivalent per 10,000 cells. Clinical standard ALC-0315 LNPs encapsulating 
NanoLuc mRNA (ALC-0315 mRNA), 12D6.2 LNPs encapsulating NanoLuc mRNA (12D6.2 mRNA), unoptimized 12D6.2 LNPs encapsulating NanoLuc circRNA 
(12D6.2 circRNA), and optimized 12D6.2 LNPs encapsulating NanoLuc circRNA (B7 circRNA) were used as treatment groups. Luminescence measurements are 
presented relative to ALC-0315 mRNA LNPs 24 h post-transfection. (B) Area-under-the-curve (AUC) analysis of cumulative NanoLuc expression in (A). (C) Relative 
persistence of RNA-induced NanoLuc expression from (A). Data are presented relative to each treatment’s luminescence signal 24 h after transfection to visualize 
signal decay profiles. (D) Whole-body luminescence in C57BL/6 mice following i.m. administration of NanoLuc RNA LNPs at a dose of 2 µg circRNA equivalent. The 
dashed horizontal line indicates average background value from untreated mice over the 28-day study. (E) AUC analysis of cumulative NanoLuc expression in (D).  
(F) Relative persistence of RNA-induced NanoLuc expression from (D). Data are presented relative to the luminescence signal of each treatment group 12 h after 
treatment to visualize signal decay profiles. (G–J) Bioluminescence images following treatment with ALC-0315 LNPs encapsulating NanoLuc mRNA (G), 12D6.2 LNPs 
encapsulating NanoLuc mRNA (H), unoptimized 12D6.2 LNPs encapsulating NanoLuc circRNA (I), or optimized 12D6.2 LNPs encapsulating NanoLuc circRNA (J).  
Data are presented as mean ± SEM ( n = 5 independent biological replicates). Two-sided, one-way analyses of variance (ANOVAs) with post hoc t tests using the 
Holm–Šídák correction for multiple comparisons were used for inferential analysis of LNP performance.
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formulations in vivo. The strong transfection characteristics of 
unoptimized LNPs made with this ionizable lipid demonstrate 
the suitability of 12D6.2 LNPs for circRNA delivery even with-
out further formulation development. This prowess, combined 
with ease of synthesis, makes 12D6.2 a promising lipid for future 
investigations into circRNA delivery. As we observed promising 
transfection following i.v.  administration, future investigations 
into systemic administration of B7 or other 12D6.2 LNPs encap-
sulating circRNA could lead to interesting therapeutic 
developments.

 We further optimized LNP formulation parameters for circRNA 
encapsulation and delivery through a nested DoE approach 
( Fig. 2A  ). This iterative refinement granted substantial insight into 
key formulation parameters for circRNA encapsulation and deliv-
ery with LNPs. Notably, circRNA LNPs benefited from an 
increased ratio of ionizable lipid to RNA payload and a greater 
mole fraction of ionizable lipid, perhaps due to interactions with 
polar RNA cargo. Interestingly, incorporation of the SOPC helper 
lipid, previously employed for pDNA delivery, also greatly bolstered 
LNP performance. While future work should investigate cargo 

Fig. 5.   Optimized circRNA LNPs trigger DC maturation following i.m. vaccination against SARS-CoV-2. (A) Schematic overview of DC maturation study. Mice were 
injected with LNPs containing RNA encoding the SARS-CoV-2 B.1.617.2 Spike (S) protein at a dose of 4 µg of circRNA equivalent. 24 h later, mice were euthanized 
according to the approved procedure by the University of Pennsylvania’s Institutional Animal Care and Use Committee (IACUC), and iliac and inguinal lymph 
nodes were collected for analysis of DC maturation. (B–E) Flow cytometric analysis of DC maturation markers CD80 (B and D) and CD86 (C and E) in DCs isolated 
from the inguinal (B and C) or iliac (D and E) lymph nodes following treatment with spike RNA LNPs. Data are presented as mean ± SEM ( n = 5 independent 
biological replicates). Two-sided, one-way analyses of variance (ANOVAs) with post hoc t tests using the Holm–Šídák correction for multiple comparisons were 
used for inferential analysis of DC maturation.
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Fig. 6.   Optimized circRNA LNP formulations induce a specific inflammatory response against SARS-CoV-2 antigen. (A) Schematic overview of vaccination study. 
Mice were immunized on day 0 (prime) and/or day 21 (boost) with clinical standard ALC-0315 LNPs encapsulating mRNA encoding SARS-CoV-2 B.1.617.2 Spike 
(S) protein (ALC-0315 mRNA), 12D6.2 LNPs encapsulating S mRNA (12D6.2 mRNA), or optimized 12D6.2 LNPs encapsulating S circRNA (B7 circRNA) at a dose 
of 4 µg circRNA equivalent. Sera and spleens were collected on day 35 to assess anti-S receptor binding domain (RBD) antibody levels and RBD-specific T cell 
responses. (B–D) RBD-specific reciprocal endpoint IgG (B), IgG2c (C), and IgG1 (D) titers following immunization. (E) Ratio of RBD-specific reciprocal endpoint 
IgG2c/IgG1 titers. Greater values suggest a more Th1-skewed response. (F–O) Flow cytometric analysis of RBD-specific CD4+ helper (F–K) and CD8+ cytotoxic (L–O) 
T cell response following ex vivo stimulation of splenocytes from vaccinated mice with an RBD peptide pool. Intracellular staining was performed to assess the 
proportion of T cells producing cytolytic marker CD107, Th1 cytokines [interferon (IFN)-γ, interleukin (IL)-2, tumor necrosis factor (TNF)], Th2 cytokines (IL-4, IL-
5), and Th17 cytokine (IL-17) in response to RBD stimulation. Data are presented as mean ± SEM ( n = 5 independent biological replicates). Two-sided, one-way 
analyses of variance (ANOVAs) with post hoc t tests using the Holm–Šídák correction for multiple comparisons were used for inferential analysis of antibody 
titers and cytokine production.D
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packing into circRNA LNPs in greater detail, these findings suggest 
potential lipid–cargo interactions and key parameters for the effec-
tive encapsulation and delivery of this emerging RNA cargo.

 To explore the potential of our engineered circRNA LNPs for 
in vivo delivery, we evaluated the biodistribution and transfection 
profile of optimized B7 circRNA LNPs following i.m.  adminis-
tration ( Fig. 3 ). We observed preferential accumulation of these 
optimized circRNA LNPs in APCs in secondary lymphoid organs 
and strong transfection of these tissues. Interestingly, we observed 
generally stronger LNP performance in the iliac lymph nodes than 
in the inguinal lymph nodes following intramuscular administra-
tion into the hindlimb. Though studies commonly interrogate the 
inguinal lymph nodes, recent work has identified the iliac lymph 
nodes as organs of interest following vaccination, and future stud-
ies may wish to favor the analysis of these lymph nodes ( 31 ,  33 , 
 34 ). We also performed a preliminary evaluation of our circRNA 
LNPs following i.v.  administration, observing transfection of both 
the liver and secondary lymphoid tissues (SI Appendix, Fig. S4 ). 
While DoE optimization improved RNA transfection and LNP 
accumulation in APCs following i.m.  administration, interestingly 
the unoptimized 12D6.2 circRNA LNP and the DoE optimized 
B7 circRNA LNP induced comparable NanoLuc expression upon 
﻿i.v.  administration. These results are consistent with a previous 
report by our group that utilized high-throughput in vivo screen-
ing to demonstrate a strong influence of excipient composition 
on LNP performance upon i.m.  administration but not i.v.  admin-
istration ( 22 ).

 In addition to biodistribution, we further evaluated the expres-
sion kinetics induced by our circRNA LNPs, demonstrating strong 
and durable transgene expression, as expected ( Fig. 4 ). Notably, 
while we demonstrated partial rescue of transgene expression 
through circRNA LNP optimization, protein production levels 
were generally lower than those engendered by mRNA LNPs. This 
disparity between mRNA and circRNA expression has been 
explored previously ( 17 ), and as RNA engineering efforts continue 
to improve the magnitude of cap-independent translation, we 
expect circRNA to emerge as a candidate for applications requiring 
prolonged protein production.

 The potent and durable transgene expression in secondary lym-
phoid organs induced by our optimized circRNA LNPs led us to 
pursue their application to prophylactic vaccination. We first con-
firmed the adjuvanticity of our circRNA LNPs by evaluating DC 
maturation in the draining lymph nodes ( Fig. 5 ), demonstrating 
substantial increases in maturation markers. With this result in hand, 
we immunized mice against SARS-CoV-2 B.1.617.2 (Delta) and 
evaluated the effects of vaccination with optimized circRNA LNPs 
( Fig. 6 ). Here, we observed strong humoral immunity with a 
Th 1-biased cellular immune response, both indicative of successful 
vaccination with induction of favorable immune responses. These 
findings ultimately confirm the promise of our optimized circRNA 
LNP platform for direct modulation of the immune system in vivo, 
particularly for vaccination. Because of the improved manufactura-
bility and stability of circRNA cargo compared to mRNA, vaccines 
based on this technology could be quite attractive for use in develop-
ing countries and locations with poor access to cold chain storage to 
protect against both emerging SARS-CoV-2 variants and other path-
ogens. We have collected preliminary data on shelf stability of cir-
cRNA LNPs that suggests circRNA LNPs generally demonstrate 
greater retention of transfection ability over time than their mRNA 

counterparts (SI Appendix, Fig. S5 )—an exciting finding for vaccine 
deployment in the developing world that should be further evaluated 
in future studies.

 In summary, we develop optimized LNP formulations for the 
encapsulation and intracellular delivery of circRNA cargo, demon-
strating substantial improvements compared to mRNA LNP for-
mulations and identifying key design considerations for circRNA 
LNP drug products. We further demonstrate favorable in vivo 
accumulation of administered circRNA LNPs in APCs in the sec-
ondary lymphoid organs along with strong transfection of lymphoid 
tissues. We immunize mice with optimized LNPs encapsulating 
SARS-CoV-2 B.1.617.2 (Delta) Spike circRNA and provoke strong 
antigen-specific cellular and humoral responses, demonstrating the 
suitability of this emerging cargo and delivery platform for vacci-
nation against infectious disease.  

Methods

A detailed version of the experimental methods used in this article is provided 
in the SI Appendix. In brief, linear and circular RNA were synthesized with T7 
RNA polymerase and used to formulate LNPs via microfluidic mixing of an 
aqueous RNA phase and an ethanol phase containing lipid excipients. After 
formulation, LNP size, polydispersity, encapsulation efficiency, and RNA con-
centration were characterized. In vitro experiments were performed in immor-
talized Jurkat human T cells, RAW 264.7 murine macrophages, and DC2.4 
murine DCs; cells were treated with RNA LNPs and NanoLuc bioluminescence 
was measured using a plate reader via the addition of Nano-Glo detection 
reagent. For in vivo assays, female C57BL6 mice were treated with RNA LNPs 
via i.m. or i.v. administration and bioluminescence and fluorescence imaging 
was performed using an in vivo imaging system. In some experiments, iliac 
lymph nodes, inguinal lymph nodes, spleens, and blood were collected for 
further analysis via flow cytometry. Finally, mice were vaccinated with RNA 
encoding SARS-CoV-2 B.1.617.2 Spike (S) protein on a prime/boost schedule at 
a three-week interval, and anti-RBD antibody titers were assessed using ELISAs. 
Ordinary or nested two-sided, one-way analyses of variance (ANOVAs) with post 
hoc Student’s t tests with the Holm–Šídák correction for multiple comparisons 
were employed for comparisons across multiple groups.

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