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SUMMARY

As the emerging variants of SARS-CoV-2 continue to drive the worldwide pandemic, there is a
constant demand for vaccines that offer more effective and broad-spectrum protection. Here, we
report a circular RNA (circRNA) vaccine that elicited potent neutralizing antibodies and T cell
responses by expressing the trimeric RBD of the spike protein, providing robust protection against
SARS-CoV-2 in both mice and rhesus macaques. Notably, the circRNA vaccine enabled higher
and more durable antigen production than the ImY¥-modified mMRNA vaccine, and elicited a higher
proportion of neutralizing antibodies and distinct Th1l-skewed immune responses. Importantly, we
found that the circRNARBP-OMIcon yiaccine induced effective neutralizing antibodies against the
Omicron but not the Delta variant. In contrast, the circRNARBP-Pela yiaccine protected against both
Delta and Omicron or functioned as a booster after two doses of either native- or Delta-specific
vaccination, making it a favorable choice against the current variants of concern (VOCs) of SARS-
CoV-2.

INTRODUCTION

Coronavirus disease 2019 (COVID-19) is a serious worldwide public health emergency caused by
a severe acute respiratory syndrome coronavirus (SARS-CoV-2) (Wu et al., 2020; Zhou et al.,
2020). To date, COVID-19 has resulted in over 470 million confirmed cases and over 6 million
confirmed deaths (World Health Organization). With the development of the epidemic, variants
with immune escape ability have appeared, the most serious of which is Omicron. By the end of
January, 2022, Omicron accounted for ~85% of COVID-19 cases (GISAID). Omicron carries over
30 mutations on the spike protein, 15 of which are located in the receptor-binding domain (RBD)

(Dejnirattisai et al., 2022), resulting in a significant decrease in the effectiveness of prior
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neutralizing antibodies (Cameroni et al., 2021; Cao et al., 2021; Cele et al., 2021; Liu et al., 2021c;
Planas et al., 2021a). Although it has recently been reported that an additional boost with original
SARS-CoV-2 vaccines after receiving two-dose prior vaccination could partly elevate the
neutralizing capability, the neutralization of Omicron pseudovirus was 4~13-fold lower than that
of the wild type (Garcia-Beltran et al., 2022). This poses a severe challenge to the efficacy of
current vaccines, highlighting the urgent need to develop effective vaccines against such fast-

spreading variants.

SARS-CoV-2 belongs to the genus Betacoronavirus of the Coronaviridae family (V'Kovski et
al., 2021). SARS-CoV-2 is a single-strand, positive-sense, enveloped virus, with an inner capsid
formed by a 30-kb RNA genome wrapped by the nucleocapsid (N) proteins and a lipid envelope
coated with the membrane (M), envelope (E), and spike (S) proteins (Kim et al., 2020). The S
protein of SARS-CoV-2, composed of the S1 and S2 subunits, is the major surface protein of the
virion. The S protein mediates viral entry into host cells by binding to its receptor, angiotensin-
converting enzyme 2 (ACE2), through the receptor-binding domain (RBD) at the C-terminus of
the S1 subunit. This binding subsequently induces the fusion between the SARS-CoV-2 envelope
and the host cell membrane mediated by the S2 subunit, which leads to the release of the viral
genome into the cytoplasm (Hoffmann et al., 2020; Shang et al., 2020; Wrapp et al., 2020; Yan et
al., 2020).

The S protein, S1 subunit, or RBD antigen of SARS-CoV-2 can induce both B cell and T cell
responses, generating highly potent neutralizing antibodies against SARS-CoV-2 (Bangaru et al.,
2020; Hsieh et al., 2020; Walls et al., 2020). Vaccination is the most promising approach to end
the COVID-19 pandemic. Traditional vaccine platforms, such as inactivated, virus-like particle,
and viral vector-based vaccines have been adopted to develop SARS-CoV-2 vaccines (Dai et al.,
2020; Gao et al., 2020; Krammer, 2020; Mullard, 2020; Sanchez-Felipe et al., 2021; van
Doremalen et al., 2020; Yang et al., 2020; Yu et al., 2020; Zhu et al., 2020). Importantly, mMRNA
vaccines against SARS-CoV-2 have been developed at warp speed and rapidly approved for use
(Corbett et al., 2020a; Corbett et al., 2020b; Huang et al., 2021; Laczko et al., 2020; Sahin et al.,
2020; Vogel et al., 2021; Zhang et al., 2020), even though the strategy was still in clinical trials
and had never been applied commercially before (Pardi et al., 2018). The mRNA vaccine contains
a linear single-stranded RNA consisting of a 5’ cap, the untranslated region (UTR), the antigen-

coding region, and a 3’ polyA tail and is delivered into the body via lipid-nano particle (LNP)
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encapsulation (Pardi et al., 2018). The clinical-scale mRNA vaccines could be manufactured
rapidly upon the release of the viral antigen sequence (Corbett et al., 2020a). However, due to its
susceptibility to exonuclease digestion, the current mRNA vaccine still has certain limitations
including inherent instability and suboptimal thermostability after LNP encapsulation for in vivo
administration (Durymanov and Reineke, 2018; Fenton et al., 2016; Jackson et al., 2020).
Therefore, mMRNA vaccine manufacturing necessitates extremely sterile and strictly RNase-free
environment during the whole production process, and its storage and distribution often requires
low temperature cold-chain, limiting its availability in lower-resource countries or regions (Uddin
and Roni, 2021). Furthermore, because the mRNA produced by in vitro transcription (IVT) has a
rather short half-life in cells, it requires additional nucleotide modifications (e.g. 1-
methylpseudouridine) to improve its stability while reducing the risk of unwanted immunogenicity
(Kariko et al., 2005; Pardi et al., 2018).

Unlike the linear conformation of mRNA, circular RNAs (circRNAS) are covalently closed ring
RNA molecules that comprise a large class of noncoding RNAs generated in eukaryotic cells by a
noncanonical RNA splicing event called backsplicing in eukaryotic cells (Chen, 2016; Kristensen
et al., 2019; Zhang et al., 2014). Compared to the linear mMRNA, circRNA is highly stable due to
its covalently closed ring structure, which protects it from exonuclease-mediated degradation
(Enuka et al., 2016; Kristensen et al., 2019; Memczak et al., 2013). It has been reported that
circRNAs were more stable than their linear mMRNA counterparts, with the circRNAs having the
median half-life at least 2.5 times longer than their linear mMRNA isoforms in mammalian cells
(Enukaetal., 2016; Kristensen et al., 2019; Memczak et al., 2013). To date, only a few endogenous
circRNAs have been shown to function as protein translation templates (Gao et al., 2021; Legnini
et al.,, 2017; Zhang et al., 2018a; Zhang et al., 2018b). Although circRNA lacks the essential
elements for cap-dependent translation, it can be engineered to enable protein translation through
an internal ribosome entry site (IRES) or the incorporation of the m6A modification upstream of
the open reading frame (ORF) (Wesselhoeft et al., 2018; Yang et al., 2017). Thus, we envisioned
that circRNA could be leveraged as a platform to generate immunogens.

Although the potential immunogenicity of IVT-produced circRNA has been a source of debates
(Chen et al., 2019; Liu et al., 2021b; Wesselhoeft et al., 2019), it is tempting to test whether

circRNA could be developed into a safe and effective vaccine platform. Given the inherent stability
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and an avoidable need for nucleotide modifications, we attempted to develop circular RNA

vaccines, aiming to provide effective protection against SARS-CoV-2 and its emerging variants.

RESULTS
CircRNARBD produced functional SARS-CoV-2 RBD antigens

We employed the group I intron autocatalysis strategy (Wesselhoeft et al., 2018) to produce
circular RNAs encoding SARS-CoV-2 RBD antigens, termed circRNARBP (Figure 1A). In this
construct, the IRES element was placed before the RBD-coding sequence to initiate its translation.
To enhance the immunogenicity of RBD antigens, the signal peptide sequence of human tissue
plasminogen activator (tPA) was fused to the N-terminus of RBD to ensure the secretion of
antigens (Kou et al., 2017; Pardi et al., 2017; Richner et al., 2017). In addition, recent research
reported that spike trimers outperformed monomeric spikes in binding hACE2 (Bouwman et al.,
2021; Wrapp et al., 2020; Yan et al., 2020). To improve the immunogenicity of RBD antigens, the
trimerization motif of bacteriophage T4 fibritin protein (Foldon) (Papanikolopoulou et al., 2008)
was fused to its C-terminus. This IRES-SP-RBD-Foldon sequence was then cloned into the vector

to construct the IVT template for producing circRNAREP (Figure 1A; Table S1).

To produce high-purity circRNARBP

circRNARBP (Figure S1A) without extra step of GTP catalysis (Wesselhoeft et al., 2018). High-

, we first optimized the IVT reaction to generate

performance liquid chromatography (HPLC) analysis determined that the latter half of main peak
contained high-purity circRNA (Figures S1B and S1C). Then we successfully manufactured
circRNARBP in large quantities (Figures S1D and S1E). We found that the majority of the purified
circRNARBP fractions were resistant to exonuclease-RNase R, while the nicked RNARBP were
almost completely degraded, indicating that purified circRNARBP were mostly in circular format
(Figure S1F). The purity of circRNARBP was over 90% calculated via the denaturing gel
electrophoresis and the following semi-quantitative analysis (Figures S1G-S1I). The
circularization of circRNARBP was further verified by reverse transcription-PCR, Sanger

sequencing and RNase H-mediated specific cleavage (Figures S1J-S1M).

To test the secretory expression of RBD produced by circRNAREP, the purified circRNARBP
was transfected into HEK293T cells or NIH3T3 cells. Abundant RBD antigens in the supernatant

of both human and murine cells were detected by Western blot, indicating the high compatibility
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of circRNAs (Figure 1B). With the help of Foldon, the circRNARBP encoded stable homogeneous
RBD trimers in the supernatant, which were dissociated into monomers under reducing conditions
(Figure 1C). The concentration of RBD antigens produced by circRNAREP reached ~1,400 ng/ml,
600-fold higher than those produced by its linear precursor RNA (Figure 1D).

In addition to the group I intron-based strategy, we also developed a T4 RNA ligase-based
method to produce circular RNAs. This method adopted the complementary pairing sequence of
split IRES as the splint instead of a DNA splint to generate an intramolecular RNA nick structure
serving as the catalytic substrate of T4 RNA ligase (Figure S2A; Table S2). Sanger sequencing
confirmed the precise circularization of circRNAREP by this approach (Figure S2B). Similarly,
abundant RBD antigens were detected in the supernatant at a concentration of ~1,000 ng/ml, which

was ~200-fold higher than those produced by its linear precursor RNA (Figures S2C and S2D).

To verify whether the secreted SARS-CoV-2 RBD antigens produced by circRNAREP were
functional, the supernatants of circRNARBP-transfected cells were used in a competition assay
using hACE2-overexpressing HEK293 cells (HEK293T-ACE2) and SARS-CoV-2 pseudovirus
harboring an EGFP reporter (Ou et al., 2020). The secreted RBD antigens could effectively block
SARS-CoV-2 pseudovirus infection (Figure 1E).

SARS-CoV-2 circRNARBP yaccine induced sustained humoral immune responses with high

levels of neutralizing antibodies

To explore whether circRNA could be leveraged to create a vaccine, we attempted to assess the
immunogenicity of circRNARBP encapsulated with LNP in BALB/c mice (Figure 1F). The
circRNARBP encapsulation efficiency was greater than 93%, with an average diameter of 100 nm
(Figure 1G). Mice were immunized through intramuscular (i.m.) injection with 10 pg or 50 ug of
LNP-circRNAREP vaccines twice at a two-week interval (Figure 1H). The circRNAREP elicited a
high level of RBD-specific 1gG endpoint geometric mean titers (GMTSs), reaching ~1.9x10* for
the 10 pg dose and ~5.7x10° for the 50 pg dose (Figure 11).

Sera from circRNARBP-vaccinated mice effectively neutralized SARS-CoV-2 pseudovirus
with a 50% neutralization titer (NT50) of ~4.5x10° (Figure 1J) and authentic SARS-CoV-2 virus
with an NT50 of ~7.0x10* (Figure 1K).



179

180
181

182
183
184
185
186
187
188
189
190

191
192
193

194
195

196
197
198
199
200
201
202
203
204
205
206
207

SARS-CoV-2 circRNARBD-Beta yaccine-elicited antibodies showed preferential neutralizing

activity against the Beta variant

Next, we evaluated the efficacy of circRNARBP-B 3 circRNA vaccine encoding RBD/K417N-
E484K-N501Y antigens derived from the SARS-CoV-2 Beta variant. Mice were immunized with
LNP-circRNARBP-Be@ through i.m. injection twice at a two-week interval. The immunized mice’s
sera were collected at 1 and 2 weeks after the boost. ELISA showed that the RBD-Beta-specific
IgG endpoint GMT was ~1.6x10* at one week after the boost (Figure 1L). Pseudovirus
neutralization assays revealed that circRNARBP-glicited antibodies could effectively neutralize all
three pseudoviruses, with the highest neutralizing activity against the native (D614G) strain
(Figure 1M). The circRNARBP-Bet_g|jcited antibodies could also neutralize all three pseudoviruses,
with the highest activity against its corresponding Beta variant (Figure 1N).

In line with pseudovirus neutralization assay, the sera from immunized mice neutralized the
authentic SARS-CoV-2 Beta and native (D614G) strains with NT50 values of 2.6x10* (Figure 10)
and 6.0x10° (Figure 1P), respectively.

CircRNARBD-Beta yiaccine protected mice against infection with the Beta variant

To further evaluate the protective efficacy of circRNAREP-Be@ yaccine, we employed the authentic
Beta variant for challenge experiments. Consistent with a recent report (Chen et al., 2021;
Montagutelli et al., 2021), the Beta variant could infect wild-type BALB/c mice and replicate in
their lungs (Figure 1Q), likely due to mutations in the spike such as K417N, E484K, and N501Y.
Seven weeks after the boost dose, the RBD-Beta-specific IgG endpoint GMT was still
approximately 1.2x10* (Figure 1R), with significant neutralizing activity against RBD-Beta
antigens (Figure 1S). Each immunized mouse was then intranasally infected with 5x10* PFU
(plague forming unit) of Beta virus (7 weeks post boost). Lung tissues were collected three days
after the challenge for the detection of viral RNAs. The viral loads in the lungs of circRNA-
vaccinated mice were significantly lower than those of the placebo group (Figure 1T). Consistently,
only the mice in the placebo group exhibited weight loss (Figure 1U). These results indicated that

the circRNARBDP-B®2 yiaccine could effectively protect the mice against SARS-CoV-2 Beta.
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Considering that high dose of circRNARBEP was necessary to elicit maximal level of neutralizing
antibodies, we postulated that the LNP delivery platform might have a great impact on the efficacy
of the circular RNA vaccine. After multiple tests, we were able to significantly lower the vaccine
dose using one of the commercial formulas (Precision Nanosystems). Ten micrograms of circRNA
could induce neutralizing antibodies at a comparable level to 50 pg (Figure 1V). We thus switched

our choice of LNP for the rest of our experiments.

CircRNARBD-Delta yaccine induced potent neutralizing antibodies against SARS-CoV-2 Delta

The Delta variant, like the Beta variant, partially escapes the antibodies produced in survivors or
vaccinees (Lustig et al., 2021; Planas et al., 2021b; Torgovnick, 2021). To develop such a variant-

specific vaccine, we adopted both group I intron and T4 RNA ligase ligation strategies to produce

circRNARBD-Dela ©ice were immunized i.m. with 0.5 pg, 2.5 pg, 5 ug or 10 ug of circRNARED-

Delta yaccines twice at a two-week interval. Two weeks after the boost dose, the sera from

immunized mice were collected to detect RBD-Delta-specific antibodies. Vaccines of circRNARED-

Delta yade by either circularization method could induce high endpoint GMTs (Figures 2A and 2B).

ARBD-Delta

The sera from circRN -vaccinated mice effectively neutralized the Delta pseudovirus in a

dose-dependent manner, with an NT50 of ~1.4x10° for the 10 pg dose (Figure 2C).

Importantly, circRNARBP-Delt2 yaccines could provide protection against other variants,

including the native strain, Alpha and Beta, albeit to varying degrees. The sera from circRNARBD-

Delta_immunized mice exhibited the highest neutralizing activity against Delta and the lowest

against Beta (Figures 2D and 2E).

CircRNA vaccine enabled higher and more durable antigen expression than mRNA vaccine

CircRNAs are reportedly more stable than mRNAs owing to their covalent closed circular structure
(Fischer and Leung, 2017). To test whether the stability of the circRNA vaccine could confer higher
and more durable antigen-encoding efficiency than the mRNA vaccine, we generated 1m'¥-
modified mRNA (Im¥Y-mRNA), and unmodified mRNA, both of which contained the same RBD-
encoding sequence as the circRNA for a fair comparison (Figure S3A; Table S3). The circRNA
produced much higher levels of RBD antigens at all time points than both Im¥-mRNA and
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unmodified mRNA, and they were maintained for a longer period (Figure 3A). RT—qPCR showed
that circRNAs were more stable than mRNAs, modified or unmodified (Figure 3B). Importantly,
LNP encapsulation further enhanced the advantage of circRNA in protein production and
durability from both 1m¥-mRNA and unmodified-mRNA (Figure 3C). Interestingly, LNP
encapsulation appeared to improve the antigen-encoding efficiency of unmodified mRNA to a

level comparable to that of Im¥Y-mRNA (Figure 3C).

We found that even after two weeks of storage at room temperature (~25 °C), the circRNA could
express RBD antigens without detectable loss (Figure 3D), highlighting its remarkable thermal
stability. To further evaluate the thermostability of the vaccines, the LNP-encapsulated circRNA,
Im¥Y-mRNA and unmodified mRNA were stored at 4 °C, ~25 °C, or 37 °C for up to 28 days prior
to transfection. At all temperatures tested, circRNA expressed higher levels of antigens than those
of the other two mRNA groups (Figures S3B-S3D). At 4 °C, little reduction in RBD antigens
produced by LNP-circRNA could be detected from 1-28 days (Figure S3B). The stability of LNP-
circRNA, Im¥Y-mRNA or unmodified-mRNA was clearly reduced with increasing storage

temperature, especially at 37 °C (Figures S3C and S3D).

Importantly, we found that the innate immune responses elicited by LNP-encapsulated RNAs
were comparable to those by LNP-encapsulated 1m¥-mRNARBP, and significantly lower than

those by the transfected RNAs (Figure 3E).

CircRNA vaccine elicited higher surrogate IgG ratios of Th1-biased responses and elevated

proportions of neutralizing antibodies than mRNA vaccine

Given that circRNA vaccines possess higher stability and antigen-encoding efficiency, we
wondered whether they exhibited distinctive immunogenicity compared to mRNA vaccines. We
compared the balance of Th1/Th2 immune responses between circRNARBP-Delt@ 3 d mRN ARBD-Delta
vaccines because Th2-biased immune responses might induce vaccine-associated enhanced
respiratory disease (VAERD) (Corbett et al., 2020a; Graham, 2020; Sahin et al., 2020). ELISA
showed that the total IgG elicited by circRNARBP-P<lia wags comparable to that by 1m¥-mRNARBP-
Delia (Figure 3F), however, the ratios of IgG2a/IgG1, I1gG2¢/IgG1 or (IgG2a + IgG2¢)/IgG1 from
circRNARBD-Delta were consistently higher than those from 1m¥-mRNARBP-Delia yaccine (Figures

3G, 3H, S3E and S3F), and this Th1-skewed T cell immune response was believed beneficial for



267

268
269
270
271
272
273
274
275
276
277
278
279

280

281
282
283
284
285
286
287
288
289
290
291
292
293

294

295
296

the clearance of SARS-CoV-2 (Corbett et al., 2020a; Graham, 2020; Sahin et al., 2020).

Antibody-dependent enhancement (ADE) of infection by virus-specific antibodies is another
potential concern for vaccines that has been reported for infections by some viruses, including
Zika, Dengue, and coronaviruses (Dowd and Pierson, 2011; Halstead and O'Rourke, 1977; Rey et
al., 2018; Takano et al., 2019; Wen et al., 2020). Previous research has reported that virus-binding
antibodies without neutralizing activity elicited by infection or vaccination possibly caused ADE
effects, especially for those viruses with different serotypes (Dejnirattisai et al., 2010; Martinez-
Vega et al., 2017). Therefore, we compared the ratios of neutralizing to binding antibodies between
circRNA and 1m¥-mRNA vaccines. Although circRNARBP-Del@ exhibited equal neutralizing
capability to 1m¥-mRNARBD-Dela (Figyres 31-3L), the former induced higher proportions of
neutralizing antibodies at both 2.5 pug and 10 pg doses in mice (Figure 3M). Owing to this unique
feature, the circRNA vaccine might have a certain advantage in circumventing potential ADE

effects caused by viruses such as Dengue and Zika and better tolerating frequent viral mutations.

CircRNARBD-Deltayaccine elicited SARS-CoV-2 specific T cell immune responses

B cells, CD4* T cells, and CD8" T cells mediated effector functions against SARS-CoV-2 in
COVID-19 patients (Sette and Crotty, 2021). To compare CD4* and CD8" T cell immune
responses, the splenocytes of immunized mice were collected and stimulated with SARS-CoV-2
RBD-Delta pooled peptides (Table S4), and cytokine-producing T cells were quantified by
intracellular cytokine staining among effector memory T cells (Tem, CD44*CD62L") (Figure S4).
After stimulation with peptides, CD8" T cells producing IFN-y, TNF-a, and IL-2 were detected in
mice immunized with the circRNARBP-Lela yaccine or 1mP-mRNARBD-Pel@ yaccine (Figures 4A-
4C), indicating the RBD-specific CD8" T cell responses elicited by both vaccines. The CD4™ T
cells of immunized mice induced strong IFN-y, TNF-a, and IL-2 responses but minimal IL-4
responses (Figures 4D-4G). In consistent to the above results (Figures 3G, 3H, S3E and S3F), these
indicated that circRNA vaccines induced Thl-biased T cell immune responses (Figures 4D-4G
and S5A-S5D).

CircRNARBD-Dela yaccine elicited high levels of broad-spectrum neutralizing antibodies

against both the Delta and Omicron variants
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To cope with the current Omicron emergency, we tested the neutralizing capability elicited by all
three circRNA vaccines against the Omicron variant. The neutralizing activity against Omicron
elicited by either one of the three circRNA vaccines dropped 74-fold (native), 15-fold (Beta) and
44-fold (Delta) in comparison with the neutralizing activity against their corresponding variants
(Figure 5A). Among all three, the circRNARBP-Pela yaccine maintained sufficient neutralizing
activity against Omicron (Figure 5A), with an NT50 of ~4.7x10°, while the NT50 of the
circRNARBD-Bet2 ao9inst Omicron dropped below 5x10* (Figure 5A). Compared to the mRNARED-

Delta ARBD-Delta

vaccine, the circRN vaccine elicited comparable neutralizing activity against both
Delta and Omicron variants for mouse sera collected 2 weeks after the boost (short-term) and 7
weeks after the boost (long-term) (Figures SA-5C). Similar to the above observations (Figure 3M),
the circRNARBP-Del@ yaccine also elicited a higher average proportion of neutralizing antibodies

ARBD-Delta ya0cine at both 2 weeks after the boost

against Omicron variant than the Im¥-mRN
(short-term) and 7 weeks after the boost (long-term) (Figures S6A-S6D), indicating the potential

superiority of the circRNA vaccine against the circulating variants of SARS-CoV-2.

CircRNARBD-Omicron y g ccipe elicited neutralizing antibodies against Omicron

We developed an Omicron-specific circRNA vaccine that expressed the trimeric RBD antigens of

ARBD-Omlcron Vaccines

the Omicron variant. Mice were immunized i.m. with 5 pg or 10 pg of circRN
twice at a 2-week interval. One week after the boost dose, the serum samples from immunized
mice were collected for the detection of specific antibodies. The circRNARBP-Omicron yaccine
induced Omicron spike-specific antibodies with the endpoint GMTs of ~4.7x10* for the 5 ug dose
and ~2.2x10 for the 10 pg dose (Figure 5D), yielding clear neutralizing activities against Omicron
with NT50 values of ~2.5x10° for the 5 ug dose and ~8.6x10° for the 10 ug dose (Figure 5E).
However, neutralizing activity could hardly be detected against the native strain or Delta variant

(Figures 5E and 5F).

The third booster with the circRNARBD-Dela yaccine markedly elevated the neutralizing

antibodies against the current VOCs

We next investigated the feasibility of circRNA vaccines as a booster. Mice immunized with two
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doses of circRNARBP-Pel yaccines received a 3™ booster with circRNARBP-Bet2 ¢ircRNARBD-Delta
or circRNARBD-Omicron yaccine at 7 weeks after the 2™ dose, followed by the assessment of
neutralizing activity at 1 week after boost (Figure 5G). Only circRNARBD-Dela effactively boosted
the neutralizing antibodies against both Delta (Figure SH) and Omicron (Figure S5I). In contrast,
the 3™ boost with the circRNARBPBeta or circRNARBP-Omicron yaccine failed to elevate the

neutralizing capability against Delta or Omicron (Figures SH and 5I).

We then tested the 3™ booster with circRNAREP or circRNARBP-Pelt yaccine in mice previously
immunized with 2-dose circRNARBP vaccines (Figure 5J). Both vaccines effectively boosted
neutralizing antibodies against both Delta (Figure 5K) and Omicron (Figure 5L). CircRNARBD-Delta
appeared to be a much better booster than circRNARBP against both Delta and Omicron variants,
which elevated the geometric mean NT50 from ~4x10? to ~3.2x10* against the Omicron (Figures
5K and 5L).

Taken together, these results suggest that circRNARBP-Pea might be a favorable choice for

vaccination to provide broad-spectrum protection against the current VOCs.

CircRNA vaccine elicited potent neutralizing antibodies and Th1-biased immune responses

in rhesus macaques

To further assess the immunogenicity of circRNA vaccine in nonhuman primates (NHPs), groups
of 2- to 4-year-old rhesus macaques were immunized i.m. with 20 pg, 100 pg or 500 pg of
circRNARBP vaccines, 100 pg of circRNAC™ or PBS control on days 0 and 21 (Figure 6A). The
specific antibodies were measured using the rhesus macaque plasma collected at 2 weeks after the
boost (Figure 6A). The IgG endpoint GMTSs reached ~2.1x10* (20 ug), ~1.6x10* (100 pg dose)
and ~7x10° (500 pg dose) for circRNAREP vaccines, while circRNAC- or PBS-immunized rhesus
macaques failed to induce RBD-specific antibodies (Figure 6B). The pseudovirus neutralization
assay showed NT50 values of ~180 for the 20 pg dose, ~520 for the 100 pg dose, and ~390 for the
500 pg dose (Figure 6C). The authentic SARS-CoV-2 neutralization assay showed NT50 values
of ~80 for the 20 pg dose, ~120 for the 100 pg dose, and ~50 for the 500 pg dose (Figures 6D and
6E).

We then performed a cross-neutralizing assay. Both the pseudotyped and authentic SARS-

CoV-2 neutralization assays showed that the circRNARBP vaccine-immunized rhesus macaque
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plasma could effectively inhibit the corresponding native strain, while the Alpha, Delta and Beta
variants could also be inhibited, but with reduced activity, especially against the Beta variant
(Figures 6D and 6E).

Peripheral blood mononuclear cells (PBMCs) were collected on the day before challenge with
SARS-CoV-2. The RBD-specific T cell responses in rhesus macaques were measured using
PBMCs stimulated with the RBD peptide pools (Table S5). The ELISpot assay showed evident
IFN-y and IL-2 responses, but nearly undetectable IL-4 in circRNAREP-immunized rhesus
macaques (Figure 6F), indicating a Th1-biased T cell immune response.

CircRNA vaccine protected the rhesus macaques against SARS-CoV-2 infection

Five weeks after the boost dose, the immunized rhesus macaques were challenged with 1x10° PFU
of the SARS-CoV-2 native strain as described previously (Vogel et al., 2021). The challenged
rhesus macaques were euthanized at 7 days post-infection (dpi), and the lung tissues underwent
viral load and histopathological assays. The RT-gPCR assay using primers targeting SARS-CoV-
2 genomic RNA (N gene) indicated that the rhesus macaques immunized with 100 ug or 500 ug
of circRNARBP vaccine were well protected as the viral genomic RNAs were reduced nearly 1000-
fold compared to the control groups (Figure 6G). To detect the actively replicative viral loads, we
performed qPCR using primers targeting SARS-CoV-2 subgenomic RNA (E gene) and found that
rhesus macaques immunized with circRNARBP at all three doses had nearly no detectable viral
subgenomic RNA in the lung tissues (Figure 6G).

Further histopathological examination demonstrated that circRNARBP-immunized rhesus
macaques of all doses were well protected because only very mild pneumonia was observed
(Figure 6H). In contrast, severe pneumonia was observed in the lungs of the two control groups,
as exemplified by local pulmonary septal thickening, moderate hemorrhage in the pulmonary
septals, a large number of scattered dust cells, and massive inflammatory cell infiltration (Figure
6H). The pathological scores further confirmed that circRNAREP immunization significantly
protected the rhesus macaques against COVID-19 (Figure 6l), likely resulting from a synergy

between the humoral immune responses and T cell responses by vaccination (Figure 6J).

CircRNA vaccine did not cause clinical signs of illness in rhesus macaques
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To further evaluate the safety of circRNA vaccines in NHPs, physiological and biochemical
indicators were monitored. No severe clinical adverse effects were observed following the priming
or boost dose. CircRNAREP vaccines induced evident IL-6 and MCP-1 (Figures S7A and S7B),
while TNF-o, IL-1B, and IFN-o were nearly undetectable (Figures S7C-S7E). The body
temperatures of both immunized rhesus macaques and controls were within the normal range after
prime and boost (Figure S7F). None of the challenged macaques showed clinical signs of illness
(Figures S7G-S7K). Collectively, our study provides preliminary proof of safety for the circRNA
vaccination in NHPs.

Expression of SARS-CoV-2 neutralizing antibodies via the circRNA platform

In addition to vaccines, circRNAs could be repurposed for therapeutics when used to express other
proteins, antibodies or peptides. Here, we attempted to test the therapeutic potential of circRNAs
by expressing antibodies. It has been reported that SARS-CoV-2 neutralizing nanobodies or
hACE2 decoys can inhibit SARS-CoV-2 infection (Linsky et al., 2020; Schoof et al., 2020; Xiang
et al., 2020; Chan et al., 2020). This prompted us to leverage the circRNA platform to express
SARS-CoV-2 neutralizing nanobodies and hACE2 decoys (Figure 7A). Pseudovirus neutralization
assays showed that supernatants of HEK293T cells transfected with circRNA™® or circRNAMCE?

decoys could effectively inhibit SARS-CoV-2 pseudovirus infection (Figure 7B).

Next, we tested neutralizing antibodies against the SARS-CoV-2 variants, Alpha and Beta. The
supernatants of CircRNA™BYT and circRNA™B3 T effectively blocked Alpha and D614G
pseudovirus infection (Figure 7C). However, both nanobodies showed markedly decreased
neutralizing activity against Beta variant (Figure 7C). The hACE2 decoys showed no inhibition

activity against Alpha and Beta variants (Figure 7C).

DISCUSSION

COVID-19 is still a fast-growing global health crisis with circulating SAS-CoV-2 variants evading
immunity from prior vaccination or viral infection, especially with the emerging Delta and
Omicron variants of concern (Karim and Karim; Muik et al., 2021; Wang et al., 2021a; Wang et

al.,, 2021b). Our study established a circular RNA vaccination strategy to elicit effective
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neutralizing antibodies and T cell immune responses against SARS-CoV-2 and its emerging

variants.

As reported, most effective neutralizing antibodies recognize the RBD region of the spike
protein (Barnes et al., 2020; Cao et al., 2020; Du et al., 2020; Koenig et al., 2021; Schoof et al.,
2020; Xiang et al., 2020), and targeting the RBD may induce fewer non-neutralizing antibodies
(Huang et al., 2021; Laczko et al., 2020; Sahin et al., 2020; Tai et al., 2020; Zhang et al., 2020).
Given that RBD trimers bind to hACE2 better than their monomeric counterparts and have been
shown to enhance the humoral immune response (Bouwman et al., 2021; Routhu et al., 2021; Sahin
et al., 2020), we chose to express RBD trimers via circRNA as the immunogen. The circRNA-
encoded RBD trimers were functional and successfully induced potent neutralizing antibodies and
specific T cell responses against SARS-CoV-2 in both mice and rhesus macaques (Figures 2, 4
and 6).

MRNA vaccines based on the full-length spike protein (MRNA-1273 and BNT162b2) (Corbett
et al., 2020a; Corbett et al., 2020b; Vogel et al., 2021) or RBD elicit neutralizing antibodies and T
cell responses (Huang et al., 2021; Laczko et al., 2020; Sahin et al., 2020; Tai et al., 2020; Zhang
et al., 2020). In comparison with the mRNA vaccine, the circRNA vaccine elicited higher and
more durable immunogens, leading to distinct Thl-biased T cell immune responses from the
mRNA vaccine (Figures 3 and S3). Moreover, the circRNARBP-PeI yaccine induced a higher
average proportion of neutralizing antibodies against both Delta and Omicron variants than the
mMRNARBD-Dela yaccine (Figures 3M and S6). We infer that the more durable antigen production
and distinct immunogenicity of circRNA vaccine (Figures 3A-3E) enabled the elicitation of higher
proportion of neutralizing antibodies and distinct Thl-skewed immune responses than the 1m¥-
modified mRNA vaccine (Figures 3G-3M) by promoting and elongating the antibody affinity
maturation process in germinal centers after vaccination (Alameh et al., 2021; Liu et al., 2021a).

A recent preprint reported that vaccinees who received two doses of SARS-CoV-2 vaccine
exhibited enhanced neutralizing antibodies against Delta variant after infection with Omicron,
implying that an Omicron vaccine might provide broad-spectrum protection against other variants
(Khan et al., 2021). Our result argues against this possibility because our Omicron-specific vaccine
failed to cross protect against the Delta variant (Figures 5D-5F) or boost the two-dose Delta

vaccine (Figures 5H and 5I). In contrast, the circRNAREP-DeI& yvaccine appeared to produce
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antigens possessing high immunogenicity and consequently elicit a high level of neutralizing
antibodies against Delta (Figures 2 and 3). Our Delta-specific vaccination could cross protect
against all other variants, including Omicron (Figures 2E, 5A, 5B and 5C), and could also be used
as an effective booster following two-dose original SARS-CoV-2 vaccines (Figures 5K and 5L).
It is hoped that further testing will show that the circRNAREP-Pea yaccine could be applied as an

effective booster for current major vaccines.

Currently, mRNA-1273 and BNT162b2 were widely administrated, both of which were
produced with complete replacement of uridine by 1-methylpseudouridine to reduce unwanted
immunogenicity (Corbett et al., 2020a; Corbett et al., 2020b; Kariko et al., 2005; Vogel et al.,
2021). In this study, no nucleotide modification was used for the circRNA vaccine. We found that
the immunogenicity of LNP-encapsulated circRNAREP was at a comparable level to that of LNP-
encapsulated Im¥-mRNAREP in the cell culture (Figure 3E). Moreover, although our study was
not specifically designed for studying the safety of vaccines or drugs, it is worth noting that
circRNA vaccine did not cause clinical signs of illness or enhanced pathology in vaccinated non-
human primates, thereby opening avenues for the development of circRNA-based vaccines or
drugs (Figures 6 and S7). It will be interesting to see if nucleotide modifications can further
improve the therapeutic applicability of circRNAs in future studies, while currently it is technical

challenging because the 1mY¥ modification would disrupt IRES function (Wesselhoeft et al., 2019).

In this study, we also tested the therapeutic potential of circRNAs that encode SARS-CoV-2-
specific neutralizing nanobodies (Barnes et al., 2020; Cao et al., 2020; Du et al., 2020; Koenig et
al., 2021; Schoof et al., 2020; Xiang et al., 2020) or hACE2 decoys (Chan et al., 2020; Glasgow et
al., 2020), which could effectively neutralize the SARS-CoV-2 pseudovirus (Figure 7). Beyond
viral receptors, this circRNA expression platform holds the potential to become a therapeutic drug
encoding therapeutic antibodies in vivo, such as anti-PD1/PD-L1 antibodies (Boutros et al., 2016;
He and Xu, 2020). Unlike antibodies and protein drugs, circRNAs encode therapeutic antibodies
in the cytoplasm, allowing them to target intracellular targets such as TP53 (Sabapathy and Lane,
2018) and KRAS (Mukhopadhyay et al., 2021), bypassing the cytomembrane barrier.

In summary, circular RNA holds the potential to become an effective and safe platform for
vaccination against viral infection, including SARS-CoV-2 emerging variants, as well as a

therapeutic platform, owing to its specific properties.
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Limitations of the study

The small numbers of rhesus macaques we used for the challenge experiments led to high
variations and large error bars in the evaluation of circRNA vaccines. The immunogenicity of IVT-
produced circRNAs is another potential concern (Chen et al., 2019; Liu et al., 2021b; Wesselhoeft
et al., 2019). While our study showed that circRNA vaccines did not cause any clinical signs of
illness in rhesus macaques, even at high doses (500 pg per rhesus macaque) (Figure 6), the safety
of circRNA vaccines awaits further investigation in NHPs and clinical trials. In the current study,
we observed that the circRNA vaccine outperformed the mRNA vaccine counterpart in several
aspects; however, more detailed and comprehensive comparisons need to be conducted in the
future. It is worth noting that the mRNA vaccine we used for the comparison study is different
from the two widely inoculated vaccines, mRNA-1273 and BNT162b2, both of which encode the
full-length spike antigens and were produced by different manufacturing processes, while the
MRNA vaccine in this study encoded the trimeric RBD of spike (Corbett et al., 2020a; Corbett et
al., 2020b; VVogel et al., 2021).
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Figure 1. Immunogenicity and protection of circRNA vaccines against SARS-CoV-2 in mice
(A) Schematic diagram of circRNAREP circularization by group I intron autocatalysis. SP, signal
peptide sequence of human tPA. Foldon, the trimerization domain from bacteriophage T4 fibritin.
The arrows indicate the design of primers for PCR analysis.

(B) Western blot showing the expression level of RBD in the supernatant of HEK293T or NIH3T3
cells transfected with circRNAREP, The circRNAES and linear RNA precursor were used as
controls.

(C) Western blot result under reducing conditions (with DTT) or nonreducing conditions (without
DTT).

(D) Measurement of the concentration of RBD in the supernatant of HEK293T cells by ELISA.
(E) Competitive inhibition assay of SARS-CoV-2 pseudovirus infection by the circRNARED-
translated RBD antigens.

(F) Schematic representation of the LNP-circRNA complex.

(G) Representative intensity-size graph of LNP-circRNARBP by the dynamic light scattering
method.

(H) Schematic diagram of the circRNARBP vaccination and antibody analysis in BALB/c mice.
(1) Measurement of the 1gG antibody endpoint GMTSs elicited by the circRNARBP vaccine.

(J) Measurement of the NT50 of LNP-circRNAREP-immunized mouse sera using pseudoviruses.
(K) Neutralization assay of SARS-CoV-2 authentic virus with the sera of mice immunized with
circRNARBP vaccine. The serum samples were collected at 5 weeks after the boost.

(L) Measurement of the SARS-CoV-2 (Beta) specific 1IgG endpoint GMTs elicited by the
CircRNARBD-Be yiaccine.

(M and N) Sigmoidal curve diagram of the neutralization of VSV-based D614G, Alpha or Beta
pseudovirus with the sera of mice immunized with circRNAREP (M) or circRNARBP-BER (N, The
sera were collected 1 week after the boost.

(O and P) Neutralization assay of SARS-CoV-2 Beta (O) or D614G (P) authentic virus with the
serum of mice immunized with circRNARBP-B® yaccine.

(Q) Measurement of the viral loads in the mouse lung tissues. The SARS-CoV-2 RNA copies were
normalized to GAPDH.

(R) Measurement of the SARS-CoV-2 RBD-Beta-specific 1gG endpoint GMTSs.
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(S) Sigmoidal curve diagram of the inhibition rate by sera from immunized mice with surrogate
virus neutralization assay. In (R and S), the sera were collected 3 days before challenge.

(T) Viral loads in the lung tissues of challenged mice.

(U) The weight change of immunized or placebo mice after challenge.

(V) Measurement of the neutralizing activity of sera from mice immunized with circRNARBD-Beta
vaccine. The circRNAs were encapsulated with LNPs (Precision Nanosystems) instead of the lab-
prepared LNPs.

In (D and E), data were shown as the mean £ S.E.M. (n=2or 3). In (I, J, K, L, O, P and R), data
are shown as the geometric mean = geometric S.D. (n = 3~6). In (M, N, Q, S, T, U and V), data
are shown as the mean + S.E.M. (n = 3~7). Each symbol represents an individual mouse. Unpaired
two-sided Student’s t test was performed for comparison as indicated.

See also Figures Sland S2.

Figure 2. Humoral immune responses elicited by circRNARBD-Delta yaccines in mice

(A) Measurement of the SARS-CoV-2 Delta specific 1gG endpoint GMTs elicited by circRNARED-
Delta yaccine generated by group | intron.

(B) Measurement of the SARS-CoV-2 Delta specific IgG endpoint GMTs elicited by circRNARBP-
Delta \iaccine generated by T4 RNA ligases.

(C) Neutralization assay of VSV-based SARS-CoV-2 (Delta) pseudovirus with the sera of mice
immunized with circRNARBP-DeI yaccines.

(D and E) Sigmoidal curve diagram of the neutralization assay.

In (A-C), data are shown as the geometric mean + geometric S.D. (n = 5), and each symbol

represents an individual mouse. In (D and E), data are shown as the mean = S.E.M. (n =5).

Figure 3. CircRNA vaccine elicited higher average proportions of neutralizing antibodies
and distinct Thl-biased T cell immune responses than mRNA vaccine

(A) Comparison of the antigen expression levels of circRNAREDP-DeIR - 1 p-mRNARBD-Delia gng
nonmodified MRNAREP-D@ throygh Lipofectamine MessengerMax transfection in HEK293T
cells.

(B) The dynamic change in RNA levels in (A).



586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616

(C) The antigen expression levels of LNP-circRNARBP-Dela | NP-1mP-mRNARBD-DeI gng | NP-
nonmodified-mRNARBP-Del jn HEK293T cells. In (A-C), data are shown as the mean + S.E.M. (n
=3).

(D) Western blot showing the expression level of RBD in the supernatant of HEK293T cells
transfected with circRNAREP,

(E) The mRNA abundance of cytokines (MCP-1, IL-6, IP-10, TNF-a, IFN-0 and RANTES)
induced by circRNARBD-DeI2 - 1y mRNARBD-De — inmodified-mRNARBP-De vig RT-qPCR
analysis in HEK293T cells. The circRNA, Im¥Y-mRNA or unmodified-mRNA was delivered into
HEK293T cells via MessengerMax or LNP. The mRNA levels were normalized by GAPDH. The
MRNA fold changes were normalized using the untreated HEK293T cells. Data were shown as
the mean + SEM. (n = 2 or 3).

(F) Measurement of the RBD-Delta-specific 1gG endpoint GMTs in mice.

(G) Measurement of RBD-Delta-specific 19G1/1gG2a/lgG2c endpoint GMTs in mice. In (F and
G), data are shown as the geometric mean + geometric S.D. (n = 11~12).

(H) Measurement of the specific 1gG2a/lgG1, 19G2c/1gG1 and (IgG2a + 1gG2c)/1gG1 ratios.
(I-L) Sigmoidal curve diagram of neutralization rate of VSV-based SARS-CoV-2 (Delta)
pseudovirus with the sera from mice immunized with 0.5 pg (1), 2.5 pg (J), 5 pg (K) or 10 ug (L)
of circRNA or Im¥-mRNA vaccines.

(M) The ratio of (neutralizing Ab)/(binding Ab) elicited by 0.5 pg, 2.5 ug, 5 pg or 10 pg of the
circRNA or Im¥-mRNA vaccine. The ratio of (NT50)/(Endpoint GMT) of each mouse was
calculated. In (H-M), data are shown as the mean + S.E.M. (n = 10~12).

Unpaired two-sided Student’s t test was performed for comparison as indicated in the figures, *p
<0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, not significant. Each symbol represents an
individual mouse.

See also Figure S3.

Figure 4. T cell immune responses elicited by SARS-CoV-2 circRNARBD-Delta o, mRN ARBD-
Delta yaccines in mice

(A-C) FACS analysis results showing the percentages of CD8" Tem cells secreting IFN-y (A), IL-
2 (B), or TNF-a (C) after stimulation with RBD-Delta peptide pools.

(D-G) FACS analysis results showing the percentages of CD4* Tem cells secreting IFN-y (D), IL-
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2 (E), TNF-a (F) or IL-4 (G) after stimulation. Empty LNP was used as the control. In (A-G), data
are presented as the mean + S.E.M. (n = 3 or 4), and each symbol represents an individual mouse.
Paired Student’s t test was performed for comparison between the peptide pool-stimulated group
and un-stimulated group as indicated; unpaired two-sided Student’s t test was performed for
comparison between circRNARBP-DeI yaccines and mRNARBP-DeI yaccines as indicated; *p <
0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, not significant.

See also Figures S4 and S5.

Figure 5. CircRNARBD-Deltayaecine elicited high levels of neutralizing antibodies against both
the Delta and Omicron variants

(A) Neutralization assay of VSV-based SARS-CoV-2 pseudovirus with the sera of immunized
mice.

(B and C) Neutralization assay of VSV-based SARS-CoV-2 pseudovirus with the sera of mice
immunized with 10 pg (B) or 5 pg (C) of circRNA or mRNA vaccines.

(D) Measuring the Omicron-spike-specific 19G endpoint GMTs of circRNAREP-Omicron_jmmynized
mouse sera.

(E) Measurement of the NT50 of LNP-circRNARBP-OMcon_jmmunized mouse sera using VSV-
based pseudoviruses. The serum samples were collected at 1 week after the boost dose. In (A-E),
data are shown as the geometric mean + geometric S.D. (n =4 or 5).

(F) Sigmoidal curve diagram of the neutralization assay in (E). Data are shown as the mean +
S.E.M. (n=4orb5).

(G) Schematic diagram of the circRNA boost and antibody detection in mice receiving two-dose
prior circRNARBD-Del@ yaccine,

(H and 1) Measurement of the NT50 value of mouse sera boosted with circRNA vaccine (5 pg)
after receiving two-dose circRNAREP-PeI yaccine (5 pg) using VSV-based pseudoviruses of Delta
(H) or Omicron (1).

(J) Schematic diagram of the circRNA vaccination and antibody detection in mice receiving two-
dose of circRNAREP vaccine.

(K and L) Measurement of the NT50 value of mouse sera boosted with circRNA vaccine (20 pg)
after receiving two-dose circRNARBP vaccine (20 pg) using VSV-based pseudoviruses of Delta
(K) or Omicron (L).
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In (B and C), unpaired two-sided Student’s t-test was performed for comparison as indicated. In
(H, I, K, and L), paired Student’s t test was performed for comparison as indicated. Each symbol
represents an individual mouse.

See also Figure S6.

Figure 6. CircRNA vaccine elicits immunogenicity and protection against SARS-CoV-2
infection in rhesus macaques

(A) Schematic diagram of the circRNARBP vaccination in rhesus macaques.

(B) Measurement of the SARS-CoV-2 RBD-specific IgG endpoint GMTs of the plasma from the
rhesus macaques immunized with circRNAREP vaccine, or circRNAS" (circRNA without the
RBD-encoding sequence) or PBS control.

(C) Measurement of the NT50 of the plasma of immunized rhesus macaques.

(D) Sigmoidal curve diagram of neutralization rate of VSV-based SARS-CoV-2 native, Alpha,
Beta and Delta pseudoviruses using the plasma of immunized rhesus macaques.

(E) Neutralization assay of authentic SARS-CoV-2 native, Alpha, Beta and Delta viruses using
the plasma of immunized rhesus macaques. Data are shown as the geometric mean + geometric
S.D.(n=4).

(F) ELISpot assay measurement of the SARS-CoV-2 RBD-specific IFN-y, IL-2 and IL-4 responses
of PBMCs from rhesus macaques immunized with circRNA vaccines. Data are shown as the mean
+S.EM. (n>2).

(G) Measurement of the viral loads (N gene) and subgenome RNA loads (E gene) in the lung
tissues of challenged rhesus macaques. Data are shown as the mean + S.E.M. (n = 4).

(H) HE staining of pathological sections using the lung tissues from immunized rhesus macaques
at 7 days after challenge.

() Pathological score of pneumonia based on the lung tissues from immunized rhesus macaques
at 7 days after challenge. The data are shown as the mean = S.E.M. (n = 4).

(J) Correlation of the B cell response, T cell response and pathological score in each immunized
rhesus macaque. Each symbol represents an individual macaque and symbol of the same rhesus
macaque is connected by line. B cell responses are shown by neutralizing antibody production as
a value of NT50 against authentic SARS-CoV-2 virus. T cell responses are shown as spots per 108

PBMCs detected in an IFN-y and IL-2 ELISpot assay. Pathological scores are the same as in (1).
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In (B, C and E), data are shown as the geometric mean * geometric S.D. (hn=4). In (D, F, G and
1), data are shown as the mean + S.E.M. (n = 2~4). Unpaired two-sided Student’s t test was
performed for comparison as indicated in the figures; *p < 0.05; **p < 0.01; ***p < 0.001; ****p
< 0.0001; ns, not significant. Each symbol represents an individual rhesus macaque.

See also Figure S7.

Figure 7. Expression of SARS-CoV-2 neutralizing nanobodies or hACE2 decoys via a
circRNA platform

(A) Schematic diagram of circRNA™ or circRNAMCE? decoys circylarization by group | intron.
(B) Lentivirus-based pseudovirus neutralization assay with the supernatant from cells transfected
with circRNA encoding nAB1, nAB1-Tri, nAB2, nAB2-Tri, nAB3 and nAB3-Tri or ACE2 decoys.
The nAB1-Tri, nAB2-Tri and nAB3-Tri represent the trimers of nAB1, nAB2 and nABS3,
respectively. The luciferase value was normalized to that of the circRNAE® control.

(C) Sigmoidal curve diagram of neutralization of VSV-based SARS-CoV-2 D614G, Alpha or Beta
pseudovirus using the supernatant of cells transfected with nAB1-Tri, NAB3-Tri or ACE2 decoys
encoded by the corresponding circRNAs.

Data are shown as the mean £ S.E.M. (n =2 or 3).

Figure S1. Optimization of the group I intron-based circRNA production approach and
manufacturing of high-purity circRNAs via HPLC, Related to Figure 1

(A) Agarose-gel RNA electrophoresis to test the effects of T7 RNA polymerase, NTP or reaction
time of in vitro transcription on the circularization efficiency of Anabaena group I-based
circRNARBP production.

(B) HPLC chromatogram of circRNAREP via an Agilent 1260 HPLC instrument.

(C) Agarose-gel RNA electrophoresis of the collected fractions in (B).

(D) HPLC chromatogram of circRNAREP via Thermo UltiMate 3000 HPLC at the manufacturing
level. The latter half of the main peak was collected to produce high-purity circRNAREP,

(E) Agarose-gel RNA electrophoresis results for the linear RNA precursor, unpurified circRNAREDP
and purified circRNARBP, The linear precursor was generated by mutating the 3’ intron of the

circRNA precursor as reference band in electrophoresis.
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(F) Agarose-gel electrophoresis result of nicked RNAREP and circRNARBP treated with RNase R
for 5 min or 15 min. Nicked RNARBP |VT-produced linear RNAs (share the same length and
sequence to CircRNAREP,

(G) Formldehyde-agarose denaturing gel electrophoresis of linear precursor RNAs, nicked
RNAREP and circRNARBP, Linear precursor and nicked RNAREP served as the reference bands in
electrophoresis.

(H) Urea-PAGE denaturing gel electrophoresis of linear precursor RNAs, nicked RNAREP and
circRNARBP, The time of Urea-PAGE denaturing gel electrophoresis was about 3 hr using Urea-
PAGE denaturing gels (Thermo).

() Measurement of the purity of circRNAREP with gray scan and integral calculus analysis.

(J) Agarose gel electrophoresis result of PCR analysis. Linear RNA precursor and circRNAREP
were reverse transcribed to cDNA, followed by PCR amplification with the specific primers shown
in Figure 1A.

(K) Sanger sequencing result of the PCR products in (J).

(L) Schematic diagram of RNase H assay. Linear precursor, nicked RNARBP or circRNAREP was
incubated with RNase H and a 15-nt sSDNA antisense probe (complementary to the above three
kind of RNASs) or 15-nt ssSDNA sense probe (complementary to the antisense probe).

(M) Agarose gel electrophoresis of linear precursor RNAs, nicked RNAREP and circRNARBP after

the RNase H incubation reactions.

Figure S2. Expression of SARS-CoV-2 RBD antigens with circular RNAs produced via T4
RNA ligase-based circularization, Related to Figure 1

(A) Schematic diagram of circRNAREP circularization by T4 RNA ligase. SP, signal peptide
sequence of human tPA protein. Foldon, the trimerization domain from bacteriophage T4 fibritin
protein. RBD, the receptor binding domain of the SARS-CoV-2 spike protein.

(B) Sanger sequencing result of the DNA products produced by divergent PCR.

(C) Western blot analysis showing the expression level of RBD antigens in the supernatant of
HEK293T cells transfected with circRNARBP circularized by the T4 RNA ligase. The circRNAECF
and linear RNA precursor were used as controls.

(D) Quantitative ELISA measurement of the concentration of RBD antigens in the supernatant.

Data are shown as the mean £ S.E.M. (n = 3).
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Figure S3. Measuring the expression level of RBD-Delta antigens under different storage
conditions and the specific 1gG2a/lgG1, 1gG2c/l1gG1 and (IgG2a + 1gG2c)/1gG1 ratios,
Related to Figure 3

(A) Agarose-gel RNA electrophoresis of 1m¥-RNARBP-Pe@ and unmodified mRNARED-Delta,
(B-D) Quantitative ELISA was used to measure the expression of RBD-Delta antigens in the
supernatant of HEK293T cells transfected with LNP-circRNAREP-Del2 | NP-1m¥P mRNARBD-Delta
and LNP-nonmodified-mRNARBP-Pel and stored at 4 °C (B), 25 °C (C) or 37 °C (D). The LNP-
RNAs were stored at different temperatures and transfected at different time points. Data are
shown as the mean £ S.E.M. (n = 3).

(E) Measurement of RBD-Delta-specific 1IgG1/1gG2a/lgG2c endpoint GMTSs elicited by 0.5 pg
of CircRNARBP-DeI yaccine or 1m¥P-mRNARBP-Pe yaccine in mice. Data are shown as the
geometric mean + geometric S.D. (n = 10 or 11), and each symbol represents an individual
mouse.

(F) Measurement of the specific 1gG2a/lgG1, 1gG2c/IgG1 and (IgG2a + 1gG2c)/IgG1 ratios in
serum from mice immunized with 0.5 pg of CircRNARBP-DeIR o 1P mRNARBP-Dela Data are
shown as the mean £ S.E.M. (n = 10 or 11), and each symbol represents an individual mouse.

Unpaired two-sided Student’s t test was performed for comparison as indicated in the figures.

Figure S4. Flow panel and gating strategy to quantify SARS-CoV-2-RBD-specific T cells in

mice, Related to Figure 4

(A) The plots show the gating strategy of single and viable T cells in spleenocytes. CD4" or CD8*
Tem cells (CD44*CD62L") were further analyzed to detect the expression of cytokines stimulated
by corresponding RBD-Delta peptide pools.

(B and C) Represented unvaccinated and vaccinated cohorts are shown for specific CD4" T cell
responses (B) and CD8" T cell responses (C).

Figure S5. The ELISA results showing the cytokine levels in the supernatants of peptide
pool-stimulated splenocytes, Related to Figure 4

(A-D) Measurement of the level of IFN-y (A), IL-2 (B), TNF-a (C) or IL-4 (D) in the supernatants
of peptide pool-stimulated splenocytes with ELISA. The data were shown as the geometric mean

+ geometric S.D. (n = 3 or 4), and each symbol represents an individual mouse. Unpaired two-
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sided Student’s t-test was performed for the comparison as indicated in the figures; *p < 0.05; **p
<0.01; ***p < 0.001; ****p < 0.0001; ns, not significant.

Figure S6. The circRNARBD-Deltayaccine elicited a high level of neutralizing antibodies
against the Omicron variant, Related to Figure 5

(A and B) Measurement of the ratio of (neutralizing antibodies)/(binding antibodies) elicited by
10 pg (A) or 5 ug (B) of circRNARBP-DIR yaccine or ImP-mRNAREP-DeIR yaccing in sera collected
2 weeks after the boost. The ratio of (NT50)/(endpoint GMT) of each mouse was calculated.

(C and D) Measurement of the ratio of (neutralizing antibodies)/(binding antibodies) elicited by
10 pg (C) or 5 ug (D) of circRNARBP-PIR yaccine or 1m¥P-mRNARBP-LeIa yaccine with the sera
collected 7 weeks after the boost. The ratio of (NT50)/(endpoint GMT) of each mouse was
calculated. In (A-D), data are presented as the mean £+ S.E.M. (n = 4~6), and each symbol
represents an individual mouse. The unpaired two-sided Student’s t test was performed for

comparison as indicated in the figures.

Figure S7. CircRNA vaccine caused no obvious clinical signs of illness in rhesus macaques,
Related to Figure 6

(A-E) Measurement of the IL-6 (A), MCP1 (B), TNF-a (C), IL-1B (D) and IFN-a (E) level in the
plasma of immunized rhesus macaques.

(F) Monitoring the body temperature of rhesus macaques. Body temperature was monitored within
three days after the prime and boost doses. In (A-F), data are shown as the mean + S.E.M. (n = 4).
(G-K) The body weight (G), temperature (H), heart rate (1), oxygen saturation (J), and respiratory
rate (K) were monitored after challenge with SARS-CoV-2. Data are shown as the mean £ S.E.M.
(n=4).
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KEY RESOURCES TABLE

REAGENT or RESOURCE \ SOURCE IDENTIFIER
Antibodies
SARS-CoV-2 Spike RBD Rabbit pAb ABclonal Cat#A20135
Mouse monoclonal GFP antibody Beyotime Cat#AG281
Anti-B-Tubulin Mouse Monoclonal Antibody Cwbio Cat#CWO0098M
Anti-Mouse IgG-Peroxidase antibody in rabbit Merck Cat#A9044
HRP-Monoclonal Mouse Anti-Monkey IgG Immunoway Cat#RS030204
Goat Anti-Mouse IgG1 (HRP) Abcam Cat#ab97240
Goat Anti-Mouse 1gG2a (HRP) Abcam Cat#ab97245
Goat Anti-Mouse IgG2c (HRP) Abcam Cat#ahb97255
Anti-Mouse CD3 Monoclonal Antibody, BV650 BioLegend Cat#100229
Anti-Mouse CD4 Monoclonal Antibody, BV785 BioLegend Cat#100552
Anu—l\_/louse CD8 Monoclonal Antibody, APC/ BioLegend Cat#100714
Cyanine7
Anti-Mouse CD44 Monoclonal Antibody, FITC BioLegend Cat#103006
Anti-Mouse CD62L Monoclonal Antibody, BV711 BioLegend Cat#104445
Anti-Mouse IFN-y Monoclonal Antibody, APC BioLegend Cat#505810
Anti-Mouse IL-2 Monoclonal Antibody, AF700 BioLegend Cat#503818
Anti—Mou_se TNF-a Monoclonal Antibody, BioLegend Cat#506324
PE/Cyanine7
Anti-Mouse IL-4 Monoclonal Antibody, PE BioLegend Cat#504104
Virus strains
Lenti-based SARS-CoV-2 pseudovirus This paper N/A
Authentic SARS-CoV-2 virus This paper N/A

Institute for Biological
VSV-based SARS-CoV-2 pseudovirus Product Control, National |/,

Institutes for Food and

Drug Control (NIFDC)
Chemicals, peptides, and recombinant proteins
Lipofectamine MessengerMax Thermo Fisher Scientific Cat#LMRNAO0O3

SARS-CoV-2 B.1.1.529 (Omicron) S1+S2 trimer
Protein (ECD, His Tag)

Sino Biological

Cat#40589-V08H26

SARS-CoV-2 (2019-nCoV) Spike RBD-His
Recombinant Protein

Sino Biological

Cat#40592-V08H

SARS-CoV-2 (2019-nCoV) Spike RBD (K417N,
E484K, N501Y)-His Recombinant Protein

Sino Biological

Cat#40592-VO8H85

SARS-CoV-2 Spike RBD (L452R, T478K) Protein
(His Tag)

Sino Biological

Cat#40592-VO8H90

SARS-CoV-2 B.1.1.529 (Omicron) Spike RBD Sino Biological Cat#40592-
Protein (His Tag) V08H121

X tremeGENE HP DNA Transfection Reagent Roche Cat#6366236001
BRITELITE PLUS Perkinelmer Cat#6066769
Dulbecco's Modified Eagle Medium Coring Cat#10-013-CV

Fetal Bovine Serum

Biological Industries

Cat#C04001-500

Bovine Serum Albumin

Merck

Cat#B2064

ELISA Stop Solution

Bioss

Cat#C04-01003




1-Step Ultra TMB ELISA substrates Thermo Fisher Scientific Cat#34029
ELISA Washing Buffer (10x) Bioss Cat#C04-01004
RPMI 1640 Thermo Fisher Scientific Cat#C11875500BT
eBioscience Cell Stimulation Cocktail (500x) Thermo Fisher Scientific Cat#00-4970-93
AIM-V Medium Thermo Fisher Scientific Cat#12055091
Phytohemagglutinin Merck Cat#L.1668
Pmel New England Biolabs Cat#R0560L
DNase | New England Biolabs Cat#M0303L
RNase R Epicentre Cat#RNRO07250
RNase H New England Biolabs Cat#M0297
T4 RNA Ligase 2 New England Biolabs Cat#M0239
Quick CIP New England Biolabs Cat#M0525L
TB Green Premix Ex Taq Il TaKaRa Cat#RR820A
Hindlll-HF New England Biolabs Cat#R3104L
RNase Inhibitor, Murine APEXBIO Cat#K1046
m7G(5)ppp(5')G RNA Cap Structure Analog New England Biolabs Cat#S1404S
Critical commercial assays
SARS-CoV-2 Spike RBD Protein ELISA kit ABclonal Cat#RK04135
SARS-CoV-2 Surrogate Virus Neutralization Test Kit | GenScript Cat#L00847A
Nano-Glo Luciferase Assay System Promega Cat#N1110
Monkey IFN-y ELISpot PLUS kit (HRP) Mabtech Cat#3421M-4HPW-2
Monkey IL-2 ELISpot PLUS kit (HRP) Mabtech Cat#3445M-4HPW-2
Monkey IL-4 T cell ELISPOT kit U-CyTech Cat#CT128-PR5
Monkey IL-6 ELISA kit Abcam Cat#ab242233
Monkey MCP-1 ELISA kit Cloud-clone Cat#SEA087Si96T
Monkey TNF-a ELISA kit Abcam Cat#ab252354
Monkey IL-13 ELISA kit Cloud-clone Cat#SEA563Si96T
Monkey IFN-a ELISA kit Chenglin Cat#ADO0081Mk
DNA Clean & Concentrator Zymo Research Cat#D4034
T7 High Yield RNA Synthesis Kit New England Biolabs Cat#E2040S
RNA Clean & Concentrator Zymo Research Cat#R1017
Monarch® RNA Cleanup Kit New England Biolabs Cat#T2040L
Zombie Aqua Fixable Viability Kit BioLegend Cat#423102
F|xat!0n/Permeab|I|zat|on Solution Kit with BD Becton, Dickinson and Cat#554715
GolgiStop Company
Quant-it RiboGreen RNA Assay Kit Thermo Fisher Scientific Cat#R11490
Experimental models: Cell lines
Human: HEK293T This paper N/A
Mouse: NIH3T3 This paper N/A
Human: Huh-7 This paper N/A
Human: HEK293T-hACE?2 Biodragon Cat#BDAA0039
Human: A549-hACE?2 This paper N/A
Experimental models: Organisms/strains

Beijing Vital River
Mouse: BALB/c Laboratory Animal N/A

Technology Co., Ltd
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National Kunming High-
level Biosafety Primate
Research Center,
Institute of Medical
Rhesus macaque Biology, Chinese N/A
Academy of Medical
Sciences and Peking
Union Medical College,
Yunnan China.

Recombinant DNA

pcircRNA backbone This paper N/A

psPAX2 Ou et al., 2020 N/A

pSpike Ou et al., 2020 N/A

pLenti-Luc-GFP Ou et al., 2020 N/A

Software and algorithms

GraphPad Prism Version 8.0 Graphpad gt::%srz;www.graphpa
Image Lab Bio-Rad N/A

FlowJo BD N/A

RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, wswei@pku.edu.cn (W.W.).

Material Availability
All unique reagents generated in this study, such as circRNA, mRNA and cell lines are available

from the Lead Contact with a completed Material Transfer Agreement.

Data and Code Availability

All data and materials presented in this manuscript are available from the corresponding author
(W.W.) upon a reasonable request under a completed Material Transfer Agreement. This paper
does not report original code. Any additional information required to reanalyze the data reported
in this work paper is available from the Lead Contact upon request. Additional Supplemental Items
are available from Mendeley Data at http://dx.doi.org/10.17632/vp2fskswfv.1.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals and ethics statement
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The female BALB/c mice (6- to 8-week old) were ordered from Beijing Vital River Laboratory
Animal Technology Co., Ltd. All mice were bred and kept under specific pathogen-free (SPF)
conditions in the Laboratory Animal Center of Peking University. The animal experiments were
approved by Peking University Laboratory Animal Center (Beijing) and undertaken in accordance
with the National Institute of Health Guide for Care and Use of Laboratory Animals. All animal
experiments with SARS-CoV-2 challenge were conducted under animal biosafety level 3 (ABSL3)
facilities at the Institute of Pathogen Biology, Chinese Academy of Medical Sciences. All the
animal experiments with SARS-CoV-2 challenge were reviewed and approved by the Committee
on the Ethics of Animal Experiments of the Institute of Pathogen Biology, Chinese Academy of
Medical Sciences.

The 2- to 4-year-old male rhesus macaque experiments were performed in the animal biosafety
level 4 (ABSL-4) facility of the National Kunming High-level Biosafety Primate Research Center,
Yunnan, China. All animal procedures were approved by the Institutional Animal Care and Use
Committee of the Institute of Medical Biology, Chinese Academy of Medical Science.

Commercial monkey chow treats and fruit were provided daily by trained personnel.

Cells and viruses

HEK293T, NIH3T3 and Huh-7 cell lines were maintained in our laboratory. The HEK293T-
hACE2 cell line was ordered from Biodragon Inc. (#BDAA0039, Beijing, China). The A549-
hACE2 cell line was generated in our laboratory. These mammalian cell lines were cultured in
Dulbecco’s Modified Eagle Medium (Corning, 10-013-CV) with 10% fetal bovine serum (FBS)
(B1), supplemented with 1% penicillin—streptomycin in 5% CO; incubator at 37 °C. The Huh-7
cells were cultured with the methods previously described methods (Cao et al., 2020).

The production of lentivirus-based SARS-CoV-2 pseudovirus and neutralization assays were
performed as described previously (Pinto et al., 2020). Briefly, the SARS-CoV-2 pseudovirus was
produced by cotransfecting plasmids psPAX2 (6 pg), pSpike (6 pg), and pLenti-Luc-GFP (6 pg)
into HEK293T cells using X tremeGENE HP DNA Transfection Reagent (Roche) according to
the manufacturer’s instructions. Forty-eight hours after transfection, the supernatants containing
pseudovirus particles were harvested and filtered through a 0.22-um sterilized membrane for the
neutralization assay as described below. The VSV-based pseudovirus of SARS-CoV-2 and its

variants were described previously (Cao et al., 2020; Du et al., 2020; Cao et al., 2021). Authentic
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viruses were amplified from Vero-E6 cells and concentrated by an ultrafilter system via a 300 kD
module (Millipore). Amplified SARS-CoV-2 was confirmed via RT-PCR, sequencing and
transmission electronic microscopy, and titrated via plaque assay (10° PFU/ml).

METHOD DETAILS

Plasmid construction

The 5’ homology arm sequence, 3’ group I intron sequence, linker-1 sequence, IRES sequence,
linker-2 sequence, 5’ group I intron sequence and 3’ homology arm sequence were PCR amplified
and cloned into a plasmid backbone via the Gibson assembly strategy, generating the empty
pcircRNA-EV backbone. Then, the SARS-CoV-2 RBD antigen, EGFP, nanobody or hACE2-
decoy-coding sequence was PCR amplified and cloned into the pcircRNA-EV backbone, and the
corresponding pcircRNA plasmids were constructed for the following I\VVT reaction.

Production and purification of circRNA
The production of circRNAs was performed according to previous reports (Wesselhoeft et al.,
2018). Briefly, the circRNA precursors were synthesized via IVT from the linearized circRNA
plasmid templates with the HiScribe™ T7 High Yield RNA Synthesis Kit (New England Biolabs,
#E2040S). After IVT, the RNA products were treated with DNase | (New England Biolabs,
#MO0303S) for 30 min to digest the DNA templates. After DNase | digestion, GTP was added to
the reaction at a final concentration of 2 mM, and then the reactions were incubated at 55 °C for
15 min to catalyze the cyclization of circRNAs. Then, the RNA was column purified with the
Monarch RNA Cleanup Kit (New England Biolabs, #T2040L). Then, the column-purified RNA
was heated at 65 °C for 3 min and cooled on ice. The reactions were treated with RNase R
(Epicenter, #RNR07250) at 37 °C for 15-30 min to further enrich the circRNAs. The RNase R-
treated RNA was column purified. For optimized IVT reaction, circRNAs were directly column
purified after IVT for further HPLC purification. The sequences of circRNAs produced via group
| intron were provided in Table S1.

We used split IRES strategy to produce circular RNAs by T4 RNA ligase 2 (NEB, #M0239).
To test the potential split sites in CVB3 IRES sequence, we analyzed the second structure of IRES.
After multiple tests and screens, we were able to determine the split site of CVB3 IRES at the 385"

nucleotide to allow T4 RNA ligase method for effective circularization. Then the circular RNA
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precursors were produced via in vitro transcription (NEB, E2040S) with added Guanosine
monophosphates, and the RNA precursors were ligated by T4 RNA ligase 2 for 8 h at 25 °C.
Finally, the ligated circular products were treated with RNase R to remove the linear RNA
precursors. The sequences of circRNAs produced via T4 RNA ligases were provided in Table S2.

To further enrich the circRNAs, the purified RNase R-treated RNA was resolved with high-
performance liquid chromatography (Agilent HPLC1260) using a 4.6 x 300 mm size-exclusion
column with a particle size of 5 pm and pore size of 2000 A (Sepax Technologies, #215980P-4630)
in RNase-free TE buffer (Thermo, #T11493). The circRNA-enriched fractions were collected and
then column purified. To further diminish the immunogenicity of the purified circRNAS, circRNAS
were heated at 65 °C for 3 min, cooled on ice and subsequently treated with Quick CIP phosphatase
(New England Biolabs, #M0525S). Finally, the circRNAs were column purified and concentrated
with the RNA Clean & Concentrator Kit (ZYMO, #R1018).

Production and purification of mMRNA

The production of mRNAs referred to the manufacturer’s instructions. Briefly, we produced the
MRNAS using the commercial HiScribe™ T7 High Yield RNA Synthesis Kit (NEB, #E2040S)
according to the manufacturer’s instructions with the linearized plasmids containing the 5’-UTR,
RBD-coding region, 3’-UTR and -81-nt polyA elements. For Im¥-modified mRNA production,
the 1-Methylpseudouridine-5-Triphosphate (TriLink, #N-1081-10) was used instead of the
unmodified 5-Triphosphate for the production of Im¥-modified mMRNA. The m7G(5")ppp(5)G
RNA Cap Structure Analog (NEB, #S1404) was used for cotranscriptional capping of mRNAs
according to the manufacturer’s instructions. Final IVT products were column purified and
concentrated with the RNA Clean & Concentrator Kit (ZYMO, #R1018). The sequence of mMRNA
was provided in Table S3.

RNase H cleavage assay

The purified circRNAREP nicked linear RNAREP and linear precursor were incubated with RNase
H (NEB, M0297L). Site-specific cleavage was performed in reactions containing 500 ng of the
targeted RNAs, 50 pmol of the sense or antisense sSSDNA probe and RNase H buffer in a total
volume of 18 pl. After incubation at 50 °C for 10 min, 2 ul of RNase H was added to the reaction
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for 1 h at 37 °C. The sequence of the sense primer is 5’>-TATTCTGTCCTCTAC-3’, and the
sequence of the antisense primer is 5>-GTAGAGGACAGAATA-3".

RNase R cleavage assay

The nicked RNAREP or circRNARBP was heated at 65 °C for 3 min before cooled on ice. The
RNase R (Epicentre, #RNR07250) was then added and incubated at 37 °C for 5 or 15 min. The
reactions were stopped by adding 2 x RNA loading dye (NEB, #B0363S), and RNAs were resolved
in agarose gel electrophoresis.

CircRNA transfection in vitro

For circRNA transfection into HEK293T or NIH3T3 cells, 3x10° cells per well were seeded in 12-
well plates. Two micrograms of circRNA was transfected into HEK293T or NIH3T3 cells using
Lipofectamine MessengerMax (Invitrogen, #LMRNAOO3) according to the manufacturer’s
instructions. At 24-48 hr after transfection, the cell lysis and supernatant were collected for

subsequent detection.

LNP encapsulation of circRNA

The circRNAs were encapsulated with lipid nanoparticles (LNPs) according to a previously
described process (Ickenstein and Garidel, 2019). First, the circRNA was diluted with PNI
Formulation Buffer (Precision NanoSystems, #NWWO0043) to a final concentration of 170 pg/ml.
Then, the lab-prepared or commercial LNP (Precision NanoSystems) were mixed with the
circRNA solution at the volume ratio of 1:3 through the Ignite NxGen Cartridge (Precision
NanoSystems, #NI1T0002) using NanoAssemblr Ignite (Precision NanoSystems). Then the LNP-
circRNA formulations were diluted 40-fold with 1xPBS buffer (pH 7.2~7.4) and concentrated by
ultrafiltration with Amicon® Ultra Centrifugal Filter Unit (Millipore). The concentration and
encapsulation rate of circRNAs were measured by the Quant-it RiboGreen RNA Assay Kit
(Invitrogen, #R11490). The size of LNP-circRNA particles was measured using dynamic light
scattering on a Malvern Zetasizer Nano-ZS 300 (Malvern). Samples were irradiated with a red
laser, and scattered light was detected. The results were analyzed to obtain an autocorrelation

function using the software Zetasizer V7.13.
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Quantitative determination of SARS-CoV-2 spike RBD expression in vitro

RBD expression in cell culture supernatants was quantified with a commercial SARS-CoV-2 spike
RBD Protein ELISA kit (ABclonal, #RK04135) according to the manufacturer’s instructions. The
supernatants were diluted at proper ratio. Final concentrations of RBD were calculated based on
the linear standard curve of absorbance at 450 nm, using 630 nm as a reference. Briefly, the
detection wells were precoated with a monoclonal antibody specific for the spike RBD protein.
After incubation with samples or standards at 37 °C for two hours, samples unbound to
immobilized antibody were removed by washing steps. Then, RBD-specific antibodies were added
to the wells for a one-hour incubation at 37 °C. After washing, the HRP substrates and stop solution

were added, and the absorbance at 450 nm was measured using 630 nm as a reference.

Mouse vaccination and serum collection

For mouse vaccination, groups of 6- to 8-week-old female BALB/c mice were intramuscularly
immunized with LNP-circRNAREP or a placebo (LNP only) in 100 pl using a 1-ml sterile syringe,
and 2 or 3 weeks later, a second dose was administered to boost the immune responses. The sera
of immunized mice were collected to detect the SARS-CoV-2-specific IgG endpoint GMTs and

neutralizing antibodies as described below.

Antibody endpoint GMT measurement with ELISA

All immunized mouse serum samples were heat-inactivated at 56 °C for 30 min before use. The
SARS-CoV-2-specific 1gG antibody endpoint GMT was measured by ELISA. Briefly, serial 3-
fold dilutions (in 1% BSA) of heat-inactivated sera, starting at 1:100, were added to 96-well plates
(100 pl/well; Costar) coated with recombinant SARS-CoV-2 spike or RBD antigens (Sino
Biological) and blocked with 1% BSA for 60 min at 37 °C. Then, after three washes with wash
buffer, horseradish peroxidase HRP-conjugated rabbit anti-mouse 1gG (Sigma) diluted in 1% BSA
ata 1:10,000 ratio was added to the plates and incubated at 37 °C for 30 min. Then, the plates were
washed 3 times with wash buffer and added to TMB substrates (100 ul/well) followed by
incubation for 15-20 min. Then, the ELISA stop buffer was added to the plates. Finally, the
absorbance (450/630 nm) was measured with an Infinite M200 (TECAN). The 1gG endpoint
GMTs were defined as the dilution fold, which emitted an optical density exceeding 3x background

(without serum but the secondary antibody was added).
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SARS-CoV-2 surrogate virus neutralization assay

The neutralizing activity of mouse serum samples was detected by a SARS-CoV-2 Surrogate Virus
Neutralization Test Kit (LO0847A, GenScript). Detections were performed according to the
manufacturer’s instructions. Serial 10-fold dilutions of heat-inactivated sera, starting at 1:10, were
incubated with HRP-conjugated RBD solutions at 37 °C for half an hour, and then the mixtures
were placed in 96-well plates precoated with human ACE2 (hACEZ2) proteins and incubated for
15 min at 37 °C. After washing the TMB substrates, stop solution were added, and the absorbance
(450/630 nm) was measured with an Infinite M200 (TECAN). The inhibition rates of serum
samples were calculated according to the following formula. The 50% neutralization geometric
mean titer (NT50) was determined using four-parameter nonlinear regression in Prism 8
(GraphPad).

Inhibition rate = (1- OD value of sample/OD value of negative control) x 100%

Pseudovirus-based neutralization assay

For the determination of the NT50 of immunized mouse serum, HEK293T-hACE2 cells were
seeded in 96-well plates (50,000 cells/well) and incubated for approximately 24 hr until reaching
over 90% confluence in preparation for pseudovirus infection. The mouse serum was diluted 3-
fold, starting at 1:40, and incubated with the SARS-CoV-2 pseudovirus (MOI = 0.05) at 37 °C for
60 min. DMEM without serum was used as the negative control group. Then, the supernatant of
HEK293T-hACE2 cells was removed, and a mixture of serum and pseudovirus was added to each
well. Thirty-six to 48 hr later, the luciferase activity, which reflects the degree of SARS-CoV-2
pseudovirus transfection, was measured using the Nano-Glo Luciferase Assay System (Promega).
The NT50 was defined as the fold dilution that achieved more than 50% inhibition of pseudovirus
infection compared with the control group.

The sera were serially diluted using complete DMEM as the culture medium in 96-well white
plates for a total of six gradients, and then the virus solution with ~1.3x10* TCID50 was added.
Complete DMEM was used as the control group. After one hour of incubation in a 5% CO-
incubator at 37 °C, Huh7 cells (100 ul/well) were added to the 96-well white plates, which were
adjusted to a concentration of 2x10° cells/ml. After 24 h of incubation in a 5% CO; incubator at

37 °C, the culture supernatant was aspirated gently to leave 100 pl in each well, and then 100 pl



1043
1044
1045
1046
1047
1048
1049
1050
1051
1052
1053
1054
1055
1056
1057
1058
1059
1060
1061
1062
1063
1064
1065
1066
1067
1068
1069
1070
1071
1072
1073

of luciferase substrate (PerkinElmer, #6066769) was added to each well for the detection of
luminescence using an Infinite M200 (TECAN). Relative luciferase units (RLU) were normalized
to the corresponding DMEM control group, and the NT50 was determined by four-parameter
nonlinear regression in Prism (GraphPad).

For the neutralization assay of circRNA™8 or circRNAACE2 decoys HEK293T-hACE?2 cells were
seeded in 96-well plates (50,000 cells/well) and incubated for approximately 24 hr until they
reached over 90% confluence. The pseudoviruses were preincubated with the supernatant of the
circRNA™E- or circRNAACE2 decoytransfected cells at 37 °C for 60 min and then added to cells
in 96-well plates. Media were changed 24 hr after transduction. All cells were collected 48 hr after
transduction. Luciferase activity was measured using the Nano-Glo Luciferase Assay System
(Promega). The relative luminescence units were normalized to cells infected with the supernatant
of cells transfected with circRNAECFP,

Authentic SARS-CoV-2 NT50 assay

A549-hACE2 cells were seeded in 96-well plates (20,000 cells/well) and incubated for
approximately 24 hr until 90-100% confluence. The mouse serum was serially diluted 5-fold in
DMEM, starting at 1:10. The diluted sera were then mixed with titrated virus in a 1:1 (vol/vol)
ratio to generate a mixture containing ~2,000 PFU/well of viruses (MOI = 0.1), followed by an
incubation at 37 °C for 1 hr. Then, the virus/serum mixtures were added to 24-well plates of A549-
ACE2 cells supplemented with 100 pul of DMEM containing 10% FBS in each well. The
supernatant and cell pellet precipitate were then collected, and the viral load was detected by RT—
gPCR. Briefly, RNA was extracted from the cell pellet and reverse transcribed. SARS-CoV-2
RNA quantification was performed by RT—gPCR targeting the N gene of SARS-CoV-2 using a
Roche LightCycler 96. The abundance of GAPDH was used as an internal reference. The NT50
was defined as the fold dilution that achieved inhibition of infection exceeding 50% of that of the

control group.

Mouse challenge experiments

The mouse model for the SARS-CoV-2 Beta variant challenge has previously been characterized
(Montagutelli et al., 2021). BALB/c mice immunized with circRNARBPB® (50 10) were
challenged with 5x10* PFU SARS-CoV-2 Beta variant at 7 weeks after the boost. The body
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weights of the mice were recorded daily. At 3 days after the-challenge, the immunized mice were

sacrificed, and their lung tissues were collected to measure the viral RNA load, as described below.

Quantification of viral load in mice

The viral RNA load in the lung tissues of challenged mice was detected by quantitative RT-qPCR.
Briefly, the lung tissues were collected and homogenized with stainless steel beads in TRIZOL (1
ml for each sample). The RNAs in tissues were then extracted and reverse transcribed. SARS-
CoV-2 RNA quantification was performed by RT—qPCR targeting the N gene of SARS-CoV-2
using a Roche LightCycler 96. The abundance of GAPDH was used as an internal reference. The

placebo group viral load was normalized to 100%.

T cell flow cytometry analysis

The splenocytes from each immunized mouse were cultured in R10 medium (RPMI 1640
supplemented with 1% Pen-Strep antibiotic, 10% HI-FBS) and stimulated with RBD peptide pools
(Table S4) at a final concentration of 2 pg/ml for each peptide. Three hours later, the Golgi Stop
transport inhibitor cocktail (BD) was added according to the manufacturer’s instructions. Then, 6
hr later, cells from each group were pooled for stimulation with a cell stimulation cocktail
(PMA/ionomycin) as a positive control. Following stimulation, the cells were washed with PBS
prior to staining with LIVE/DEAD for 20 min at room temperature. Cells were then washed in
stain buffer (PBS supplemented with 2.5% FBS) and suspended in Fc Block for 5 min at RT prior
to staining with a surface stain for the following antibodies: CD3 (Biolegend, #100229); CD4
(Biolegend, #100552); CD8 (Biolegend, #100714); CD44 (Biolegend, #103006); CD62L
(Biolegend, #104445). After 20 min, the cells were washed with staining buffer and then fixed and
permeabilized using a BD Cytoperm fixation/permeabilization solution kit according to the
manufacturer’s instructions. Cells were washed in perm/wash solution, followed by intracellular
staining (30 min, RT) using a cocktail of the following antibodies: IFN-y (Biolegend, #505810);
IL-2 (Biolegend, #503818); IL-4 (Biolegend, #506324); TNF-a (Biolegend, #504104). Finally, the
cells were washed in perm/wash solution and suspended in stain buffer. Samples were washed and

acquired on an LSRFortessa (BD Biosciences). Analysis was performed using FlowJo software.

Rhesus macaque vaccination and plasma collection
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For the vaccination of rhesus macaques, groups of 2~4-year-old male rhesus macaques were
immunized with LNP-circRNARBP (20 pg, n =4; 100 pug, n =4; 500 pg, n = 4), LNP-circRNA®"
(circRNA without the RBD-encoding sequence; 100 pg, n = 4) or PBS (n =4) in 300 pl (>300 pl
in 500 ug dose group) via intramuscular injection in the quadriceps muscle (prime: left, boost:
right) twice at a three-week interval. The plasma of immunized rhesus macaques was collected at
0, 1 and 14 days after the prime and 0, 1, 14, 28 and 35 days after post-boost.

ELISpot assay

The T cell immune responses in rhesus macaques were detected using PBMCs with commercially
available Monkey IFN-y and IL-2 ELISpot assay kits (Mabtech) and an Monkey IL-4 ELISpot
assay kit (U-CyTech). The cryopreserved rhesus macaque PBMCs were thawed and cultured with
prewarmed AIM-V medium. For the IFN-y, IL-2 and I1L-4 ELISpot assays, 1.0x10° PBMCs were
stimulated with a final concentration of 1 pg/ml for each RBD peptide (Table S5). The test for
each rhesus macaque was performed in two or three technical repetitions. Dimethyl sulfoxide
(DMSO) served as an unstimulating control, and phytohemagglutinin (PHA-P, Sigma) and CELL
STIMULATION COCKTAIL (Thermo Fisher) were used as positive controls. After 24 h of
stimulation with RBD peptide pools, the streptavidin-HRP substrate (for IFN-y and 1L-2) or AEC
substrate (IL-4) was added to the plate. The spots were counted by Beijing Dakewei Biotechnology
Co., Ltd. The results are background (DMSO treated group) subtracted and normalized to SFC/10°
PBMCs.

SARS-CoV-2 challenge in rhesus macaques

At 5 weeks after the boost, all the immunized rhesus macaques were challenged with 1.0x10° PFU
of native SARS-CoV-2 virus via the intranasal (0.5 ml) and intratracheal (0.5 ml) routes. The
plasma of rhesus macaques was collected, and vital clinical signs were recorded at 0, 1, 3, 5and 7
days post-virus challenge. At 7 days post-virus challenge, all rhesus macaques were sacrificed to

collect specimens for further experiments.

Histopathology
At 7 days after the-virus challenge, the rhesus monkeys were euthanized, and necropsies were

performed according to standard protocols. After dissection, a general examination of the main
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organs was performed. The lung tissues were harvested, fixed in 10% neutral formalin buffer and
embedded in paraffin. Tissue sections (2 um) were prepared. Slides were stained with hematoxylin
and eosin (H&E). The slide images were collected by using Pannoramic DESK and analyzed with
Caseviewer C. V 2.3 and Image-Pro Plus 6.0. Histopathological analysis of tissue slides was scored

by 3 independent pathologists blinded to the groups of animals.

Cytokine analysis

The plasma of rhesus monkeys was isolated 24 hr post-prime or boost and diluted 5-fold or 10-
fold. All plasma samples were detected using the following ELISA Kits according to the
manufacturer’s instructions: IL-6 (Abcam, #ab242233), MCP-1 (Cloud-Clone Corp.,
#SEA087Si96T), TNF-a (Abcam, #ab252354), IL-1p (Cloud-clone Corp, #SEA563Si96T) and
IFN-a (Chenglin, #AD0081MKk), according to the manufacturer’s instructions.

QUANTIFICATION AND STATISTICAL ANALYSIS

The unpaired two-sided Student’s t test or paired Student’s t test was performed for comparison as
indicated in the figure legends. Statistical analyses were performed with Prism 8 (GraphPad

Software, Inc.).

SUPPLEMENTAL INFORMATION

Table S1. The sequences of the circRNARBP produced via group | intron, Related to Figures 1-6

Table S2. The sequences of the circRNAREP produced via T4 RNA ligases, Related to Figures 1
and 2

Table S3. The sequences of the mMRNAREP-Pela Related to Figures 3-5

Table S4. The peptide sequences of the RBD-Delta antigen, Related to Figure 4

Table S5. The peptide sequences of the RBD antigen, Related to Figures 4 and 6
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Circular RNA Vaccines against SARS-CoV-2 and Emerging Variants
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In Brief

A circular RNA (circRNA) vaccine that encodes the trimeric RBD antigens of SARS-CoV-2
spike provides protection and memory boosting against SARS-CoV-2 variants of concern, in
mice and rhesus macaques.

Highlights

e Highly stable circRNA vaccines induce potent humoral and cellular immune
responses

e CircRNA vaccines elicit a high proportion of neutralizing antibodies

e CircRNA vaccines enable effective protection against SARS-CoV-2 in mice and
monkeys

e CircRNARBP-Delayaccine provides broad-spectrum protection against SARS-CoV-2
VOCs
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