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A self-transcribing and replicating RNA (STARR)-based vac-
cine (LUNAR-COV19) has been developed to prevent SARS-
CoV-2 infection. The vaccine encodes an alphavirus-based
replicon and the SARS-CoV-2 full-length spike glycoprotein.
Translation of the replicon produces a replicase complex that
amplifies and prolongs SARS-CoV-2 spike glycoprotein expres-
sion. A single prime vaccination in mice led to robust antibody
responses, with neutralizing antibody titers increasing up to
day 60. Activation of cell-mediated immunity produced a
strong viral antigen-specific CD8+ T lymphocyte response. As-
saying for intracellular cytokine staining for interferon (IFN)g
and interleukin-4 (IL-4)-positive CD4+ T helper (Th) lympho-
cytes as well as anti-spike glycoprotein immunoglobulin G
(IgG)2a/IgG1 ratios supported a strong Th1-dominant im-
mune response. Finally, single LUNAR-COV19 vaccination at
both 2 mg and 10 mg doses completely protected human
ACE2 transgenic mice from both mortality and even measur-
able infection following wild-type SARS-CoV-2 challenge.
Our findings collectively suggest the potential of LUNAR-
COV19 as a single-dose vaccine.

INTRODUCTION
The pandemic of coronavirus disease 2019 (COVID-19) has afflicted
tens of millions of people, of which over 2.5 million have died from
severe respiratory dysfunction and other complications of this dis-
ease.1 The etiological agent of COVID-19 is the severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2), which may have first
emerged from a zoonotic source to then spread from person to person
until global dissemination.1 Current control measures to curb the
pandemic, such as national lockdowns, closure of work places and
schools, and reduction of international travel, are threatening to
draw the world into a global economic recession of unprecedented
scale.2 Ending the pandemic will likely require the manufacture of a
This is an open access article under the CC BY-N
variety of vaccines to generate the billions of doses required to vacci-
nate the global population.3 Encouragingly, hundreds of different
vaccine development efforts are currently in progress, currently 16
of which have even entered phase III clinical trials.4,5

Of these candidates, two vaccines have been granted emergency use
authorization in several countries based on early phase III results
demonstrating nearly 95% protection from developing COVID-19.
Both candidates, one from Moderna and the other from Pfizer-Bio-
NTech, mediate immunity by a prime and boost regimen through
intramuscular (i.m.) injection of a messenger RNA (mRNA) encod-
ing the SARS-CoV-2 S antigen encased by a lipid nanoparticle
(LNP). The use of adjuvants is obviated by the ability of the LNP itself
to activate an innate immune response.6,7 The swift development of
these RNA vaccines from design to demonstrated efficacy in humans
highlights the advantages of such a system.5 The cell-free, rapidly scal-
able techniques used to manufacture these vaccines provide an addi-
tional advantage.8

Despite these benefits, the need to manufacture the billions of vac-
cine doses required to immunize the world’s population remains a
challenging problem.9 This issue is compounded by the need to
immunize individuals with two doses of the currently approved vac-
cines, as a single dose does not elicit robust immunity likely needed
for protection.10–12 Although some have demonstrated robust anti-
SARS-CoV-2 immunity in a small animal model with a single
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Figure 1. Design and expression of a SARS-COV-2 vaccine with conventional mRNA and self-transcribing and replicating RNA (STARR) platforms

(A) Schematic diagram of the SARS-CoV-2 self-replicating STARRRNA (LUNAR-COV19) and conventional mRNA vaccine constructs. The STARR construct encodes for the

four non-structural proteins, ns1–ns4, from Venezuelan equine encephalitis virus (VEEV) and the unmodified full-length pre-fusion spike protein of SARS-CoV-2. The mRNA

construct also codes for the same SARS-CoV-2 full-length spike protein. (B) Physical characteristics and RNA trapping efficiency of the LNPs encapsulating conventional

mRNA and LUNAR-COV19 vaccines. (C) Western blot detection of SARS-CoV-2 Spike protein following transfection of Hep3b cells with LUNAR-COV19 and conventional

mRNA. (D) In vivo comparison of protein expression following i.m. administration of LNPs containing luciferase-expressing STARRRNA or conventional mRNA. BALB/c mice

(n = 3/group) were injected i.m. with 0.2 mg, 2.0 mg, or 10.0 mg of STARR RNA or conventional mRNA formulated with the same LNPs. Luciferase expression was measured

by in vivo bioluminescence on days 1, 3, and 7 post-i.m. administration. Results are shown as mean with standard deviation error bars. S1, S domain 1; S2, S domain 2; TM,

transmembrane domain; CP, cytoplasmic domain; aka, also known as.
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dose of mRNA vaccine, self-replicating mRNA (replicon) vaccines
may offer dual advantages of protective immunity with a single
low-dose administration.8 A single-dose vaccine would not only
avoid logistics and compliance challenges associated with multi-
dose vaccines but also allow vaccination of more individuals with
each batch.9

Herein, the immunogenicity of and host response to a self-repli-
cating RNA vaccine using Arcturus’ proprietary self-transcribing
and replicating RNA (STARR technology) against SARS-CoV-2
was examined. Our findings indicate the added benefit of self-repli-
cation in amplifying the immunogenicity of RNA vaccine against
COVID-19.

RESULTS
Design and expression of LUNAR-COV19

LUNAR-COV19 was designed to encode the full-length, unmodified,
SARS-CoV-2 spike (S) protein (1,273 aa) as well as the Venezuelan
equine encephalitis virus (VEEV) replicase genes, nsP1, nsP2, nsP3,
and nsP4, required for self-amplification (Figure 1A). To determine
the usefulness of including the VEEV replicase gene complex in the
same positive RNA strand bearing the S gene, the LUNAR-COV19
vaccine candidate was tested against a conventional mRNA control
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bearing the S gene only. Both sets of RNAs were produced by
in vitro transcription and then formulated with the same LUNAR
LNP lipid formulation. The mRNA contained a N1-methyl-pseu-
douridine (N1-Me-PU) substitution.

Physical chemical characterization of the LUNAR-COV19 vaccine
candidate and LNP formulated mRNA showed that the LNP diame-
ters, polydispersity indexes, and RNA trapping efficiencies were very
similar (Figure 1B), despite the LUNAR-COV19 RNA transcript be-
ing ~4 times longer than the mRNA. In vitro expression of the LU-
NAR-COV19 and conventional mRNA control was confirmed in
cell lysates 24 h post-transfection through positive western blot detec-
tion of full-length and furin-cleaved S protein (Figure 1C).

Prior to testing immunogenicity, the impact of the VEEV replicase on
duration of in vivo protein expression was examined with STARR that
expressed a luciferase reporter and compared with a luciferase mRNA
control that contained the N1-Me-PU substitution. Increased lucif-
erase signal in BALB/c mice receiving an i.m. injection of the STARR
construct was compared to i.m. administration of equivalent doses of
conventional mRNA control at all time points and tested doses (Fig-
ure 1D). These data support the potential of STARR for greater and
prolonged antigen expression in vivo.



Figure 2. Clinical scores, mouse weights, and transcriptomic analysis of immune genes after vaccination with LUNAR-COV19

(A) C57BL/6mice (n = 5/group) were immunizedwith either PBS,mRNA, or LUNAR-COV19 (doses 0.2 mg, 2 mg, or 10 mg), hadweight and clinical scores assessed every day,

were bled at day 1 post-immunization, and were sacrificed at 7 days post-vaccination, and lymph nodes were harvested. Gene expression of inflammatory genes and

immune genes were measured in whole blood (at day 1) and lymph nodes (at day 7), respectively. (B) Expression of IFN and inflammatory response genes in whole blood

presented as heatmap of Z scores. (C) Lymph node weights at 7 days post-vaccination. (D–F) Principal-component analysis (PCA) of immune gene expression following

vaccination with LUNAR-COV19 or conventional mRNA control at doses 0.2 mg (D), 2 mg (E), and 10 mg (F). (G–I) Volcano plots of fold change of LUNAR-COV19 versus

conventional mRNA control (x axis) and log10 p value of LUNAR-COV19 versus conventional mRNA control (y axis) for doses 0.2 mg (G), 2 mg (H), and 10 mg (I). Study design

schematic diagram created with BioRender.com. Weights of lymph nodes were compared between groups with a two-tailed Mann-Whitney U test; *0.05 < p < 0.01.
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Immune gene expression following LUNAR-COV19 vaccination

To determine how the self-replicating property of LUNAR-COV19
translates to immunogenicity, we inoculated C57BL/6J mice with LU-
NAR-COV19 at 0.2 mg, 2 mg, and 10 mg doses and compared these to
equivalent doses of conventional mRNA controls. A negative PBS
control was also included. No significant mean loss in animal weight
occurred over the first 4 days, except for those that received 10 mg of
LUNAR-COV19 (Figure 2A). However, apart from weight loss, there
Molecular Therapy Vol. 29 No 6 June 2021 3
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were few other clinical signs, as indicated by the minimal differences
in clinical scores. Both weight and clinical scores improved after day 3
post-vaccination.

The innate immune response, particularly the type I interferon (IFN)
response, has previously been shown to be associated with vaccine
immunogenicity following yellow fever vaccination.13–15 Further-
more, reactive oxygen species-driven pro-inflammatory response-
underpinned systemic adverse events in yellow fever vaccination
have also been observed.16,17 Based on these previous observations,
the expression of innate immune and pro-inflammatory genes from
whole blood of C57BL/6 mice inoculated with LUNAR-COV19 or
controls was tested. Genes in the type I IFN pathway were the most
highly expressed in animals inoculated with LUNAR-COV19
compared with either conventional mRNA or PBS controls (Fig-
ure 2B; Figure S1). By contrast, expression of genes associated with
pro-inflammatory responses were mostly reduced after LUNAR-
COV19 vaccination relative to both conventional mRNA and PBS
controls (Figure 2B; Figure S1).

Since adaptive immune responses develop in germinal centers in the
draining lymph nodes, the draining lymph nodes at day 7 post-inoc-
ulation were tested (study schematic in Figure 2A). The inguinal
lymph nodes of mice inoculated with LUNAR-COV19 but not con-
ventional mRNA controls showed a dose-dependent increase in
weight (Figure 2C). Principal-component analysis (PCA) of immune
gene expression showed clustering of responses to each of the 3 doses
of LUNAR-COV19 away from the conventional mRNA and PBS
controls (depicted as red and orange spheres in Figures 2D–2F), indi-
cating clear differences in immune gene expression following LU-
NAR-COV19 vaccination.

Differentially expressed genes were examined in the lymph nodes of
mice injected with LUNAR-COV19 compared with those adminis-
tered a similar dose of conventional mRNA control. Volcano plot
analysis identified significant upregulation of several innate, B and
T cell genes in LUNAR-COV19-immunized animals (Figures 2G–
2I). Some of the most highly differentially expressed genes included
GZMB (required for target cell killing by cytotoxic immune cells),18

S100A8 and S100A9 (factors that regulate immune responses via
TLR4),19 TNFRSF17 (also known as BCMA; regulates humoral im-
munity),20 CXCR3 (chemokine receptor involved in T cell trafficking
and function),21 and AICDA (mediates antibody class switching and
somatic hypermutation in B cells).22 These findings collectively sug-
gest the stimulation and development of adaptive immune responses
in the draining lymph nodes of mice inoculated with LUNAR-
COV19.

LUNAR-COV19 induced robust T cell responses

The cellular immune response following vaccination of C57BL/6
mice (n = 5 per group) with LUNAR-COV19 was investigated. At
day 7 post-vaccination, spleens were harvested and assessed for
CD8 and CD4 T cells by flow cytometry. The CD8+ T cell
CD44+CD62L� effector/memory subset was significantly expanded
4 Molecular Therapy Vol. 29 No 6 June 2021
in LUNAR-COV19-vaccinated mice compared with animals inocu-
lated with PBS or conventional mRNA controls (Figures 3A and 3B).
However, these same animals showed only a minimal difference in
the proportion of CD4+ T effector cells (Figure 3C). IFNg+ CD8+
T cells (with 2 mg and 10 mg doses) and IFNg+ CD4+ T cells (in
0.2 mg and 10 mg) were proportionately higher in animals inoculated
with LUNAR-COV19 compared with conventional mRNA controls
(Figures 3D–3F).

SARS-CoV-2-specific cellular responses were assessed in vaccinated
animals by ELISpot. A set of 15-mer peptides covering the full-length
SARS-CoV-2 S were divided into 4 pools and tested for IFNg+ re-
sponses in splenocytes of mice inoculated with LUNAR-COV19,
conventional mRNA, or PBS control. SARS-CoV-2-specific cellular
responses (displayed as IFNg+ spot forming units [SFU]/106 cells)
were higher across all doses in animals inoculated with LUNAR-
COV19 compared with conventional mRNA controls (Figures 3G
and 3H). Collectively, these findings indicate the potential of
LUNAR-COV19 in eliciting SARS-CoV-2-specific cytotoxic cellular
immune responses.
LUNAR-COV19 induced humoral immune responses

SARS-CoV-2-specific humoral responses following a single inocula-
tion were characterized in two different mouse models, BALB/c and
C57BL/6. Female mice (n = 5 per group) were inoculated at day
0 and bled every 10 days, up to day 60 for BALB/c and day 30
for C57BL/6 (Figure 4A). SARS-CoV-2 S-specific immunoglobulin
M (IgM) responses were tested at 1:2,000 serum dilution with an
in-house Luminex immuno-assay. All tested doses of LUNAR-
COV19 produced detectable S-specific IgM responses in both
mouse models (Figures 4B and 4C). Likewise, LUNAR-COV19-
vaccinated BALB/c and C57BL/6 mice also produced SARS-CoV-
2 S-specific IgG (at 1:2,000 serum dilution) levels. The levels of
these IgG antibodies were universally higher from day 20 onward
compared with conventional mRNA controls (Figures 4D and
4E). Immunized BALB/c mice were also monitored for an extended
60-day period; C57BL/6 mice were only monitored for 30 days
post-inoculation. The SARS-CoV-2 S-specific IgG levels continued
to increase until day 50 in mice inoculated with LUNAR-COV19
but not the equivalently dosed conventional mRNA control
(Figure 4D).

An in-depth characterization was conducted of the SARS-CoV-2-spe-
cific IgG response at day 30 post-inoculation with LUNAR-COV19 to
determine which regions of S were targeted. IgG endpoint titers were
estimated to full ectodomain S protein and S domain 1 (S1), S2, and
receptor binding domain (RBD) regions. As expected, although high
IgG endpoint titers were also detected to S2 protein, the majority of
SARS-CoV-2-specific IgG recognized S1, which contains the
RBD—an immunodominant site targeted by neutralizing anti-
bodies23,24 (Figures 4F and 4G). LUNAR-COV19-elicited IgG
endpoint titers were universally and significantly higher compared
with conventional mRNA controls (Figures 4F and 4G).



Figure 3. Cellular immune responses following vaccination with LUNAR-COV19

C57BL/6 mice (n = 5 per group) were immunized i.m. with 0.2 mg, 2.0 mg, or 10.0 mg of LUNAR-COV19 or conventional mRNA control and sacrificed at day 7 post-

vaccination, and spleens were analyzed for cellular T cell responses by flow cytometry and ELISpot. (A–C) CD8+ (A and B) and CD4+ (C) T effector cells were assessed in

vaccinated animals with surface staining for T cell markers and flow cytometry. (D–F) IFNg+ CD8+ T cells (D and E) and ratio of IFNg+ IL-4+ CD4+ T cells (F) in spleens of

immunized mice were assessed after ex vivo stimulation with PMA/IO and intracellular staining. (G and H) SARS-CoV-2 Spike protein-specific responses to pooled Spike

protein peptides were assessed with IFNg ELISpot assays after vaccination with conventional mRNA controls or LUNAR-COV19. Percentage of CD8+ cells, CD4+ cells, and

IFNg- and IL-4-producing T cells were compared between groups with two-tailed Mann-Whitney U test; *0.05 < p < 0.01; **0.01 < p < 0.001.
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To complete the characterization of the antibody immune response,
the binding strength (avidity) and the neutralizing ability of the anti-
body response elicited by LUNAR-COV19 were assessed. Serum IgG
avidity was measured at day 30 post-vaccination with a modified Lu-
minex immuno-assay with 8M urea washes. LUNAR-COV19 elicited
high-avidity S-specific IgG in both mouse models at all tested doses
compared with conventional mRNA controls (Figure 4H). These dif-
ferences were observed, with the exception of 0.2 mg in BALB/c, across
all doses (Figure 4H), indicating that LUNAR-COV19 vaccination
elicited favorable B cell affinity maturation.

Neutralization of live SARS-CoV-2 by serum from vaccinated ani-
mals was assessed by the plaque reduction neutralization test
(PRNT). At day 30, LUNAR-COV19-vaccinated BALB/c mice
showed a clear dose-dependent elevation in PRNT50 titers; 4 out of
5 (80%) of mice in the 10 mg LUNAR-COV19 group showed
PRNT50 titers >320, which was the upper limit of the dilution (Fig-
ure 4I). Similar dose-dependent trends in PRNT50 titers were also
found in C57BL/6mice, although PRNT50 titers of several animals ex-
ceeded 320 even with the lowest 0.2 mg dose vaccination (Figure 4I).
In sharp contrast, except for one C57BL/6J mouse that received the
10 mg dose, PRNT50 titers in animals inoculated with the conventional
mRNA controls were all <20 (Figure 4I). Unexpectedly but encourag-
ingly, PRNT50 and PRNT70 titers continued to rise between day 30
and day 60 in LUNAR-COV19-vaccinated animals (Figures 4J and
4K) for doses R2.0 mg with titers comparable to PRNT70 titers for
sera from convalescent COVID-19 patients (Figure 4K; Table S1).

Further analysis revealed that the S-specific IgG titers positively corre-
lated with PRNT50 titers with LUNAR-COV19 but not the conven-
tional mRNA control (Figure 4L). Similar correlative findings were
also observed with IgG against S1 and RBD (Figure S2). Taken collec-
tively, the findings suggest that the SARS-CoV-2 neutralization activ-
ities of antibodies produced from LUNAR-COV19 inoculation not
only are strongly associated with the amount of IgG produced but
are also of a higher quality with regard to binding avidity.
Molecular Therapy Vol. 29 No 6 June 2021 5
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LUNAR-COV19 vaccination showed a Th1-dominant response

A safety concern for a coronavirus vaccine is the risk of vaccine-asso-
ciated immune enhancement of respiratory disease (VAERD).25

Indeed, SARS-CoV and MERS-CoV vaccine development has high-
lighted the importance of T helper (Th)1-skewed responses in
mitigating the risk of vaccine-induced immune enhancement.26,27

Therefore, the Th1/Th2 balance elicited by vaccination with both
conventional mRNA and LUNAR-COV19 was investigated. The
IgG subclass fate of plasma cells is highly influenced by Th cells.28

To determine whether LUNAR-COV19 showed skewing of Th1 over
Th2 responses, measured Th1-associated IgG subclasses—IgG2a
(BALB/c) and IgG2c (C57BL/6)—against the Th2-associated IgG1
were measured. In both strains of mice, all doses of LUNAR-
COV19 vaccination induced Th1-skewed IgG subclass responses
compared with conventional mRNA control-inoculated animals (Fig-
ures 5A and 5B). Similarly, ICS investigation of CD4+ T cells in the
spleen of LUNAR-COV19-vaccinated C56BL/6J mice also showed a
greater than unity ratio of IFNg (Th1 cytokine) to interleukin (IL)-
4 (Th2 cytokine) across all doses (Figures 5C and 5D). These findings
collectively indicate that the self-replicating LUNAR-COV19 elicits
Th1-dominant immune responses.

Single dose of LUNAR-COV19 protects from a lethal infection of

SARS-CoV-2

The protection against a lethal virus challenge of SARS-CoV-2
following a single dose of LUNAR-COV19 was tested in a human
ACE2 (hACE2) transgenic C57BL/6 mouse model. K18-hACE2
transgenic mice immunized with either 2 mg or 10 mg of LUNAR-
COV19 were intranasally challenged with a clinical isolate of SARS-
CoV-2 (5 � 104 TCID50) at day 30 post-vaccination. The lethality
of SARS-CoV-2 was controlled for by using PBS as a placebo control.
Mice were then divided into two groups: one group was tracked for
weight, clinical scores, and survival; a second group of mice was
euthanized at 5 days post-injection (dpi), and viral loads were as-
sessed in the respiratory tract (trachea to lung) and brain (Figure 6A).
Measurement of PRNT70 titers confirmed the generation of neutral-
izing antibodies in LUNAR-COV19-vaccinated hACE2 mice (Fig-
ure 6B). Irrespective of tested dosages, mice that received the LU-
NAR-COV19 vaccine showed unchanged weight and no clinical
sign. In contrast, negative control mice that received PBS showed sig-
nificant drop in weight and increased clinical scores upon challenge
with wild-type SARS-CoV-2 (Figures 6C and 6D). LUNAR-COV19
Figure 4. Antibody response following LUNAR-COV19 vaccination

(A) BALB/c and C57BL/6J mice were i.m. immunized with 0.2 mg, 2 mg, or 10 mg of L

conducted at baseline and days 10, 19, 30, 40, 50, and 60 post-vaccination for BALB/c

the SARS-CoV-2 Spike protein over time, assessed with insect cell-derived whole Spike

to mammalian-derived whole Spike protein and S1, S2, and RBD proteins to mammalia

(F) and C57BL/6J (G). (H) Avidity of SARS-CoV-2 Spike protein-specific IgG at day 30

(PRNT50 titers) at day 30 post-vaccination against a clinically isolated live SARS-CoV-2

dilution range (i.e., from 1:20 to 1:320) tested by PRNT. (J and K) PRNT50 (J) and PRNT7
and convalescent sera from COVID-19 patients. (L) Correlation analysis of Spike-spec

were compared between groups with a two-tailed Mann-Whitney U test; *0.05 < p < 0
vaccination at both 2 mg and 10 mg doses fully protected hACE2
mice from an otherwise 100% mortality at day 7 post-challenge (Fig-
ure 6E). Assessment of tissue viral load at day 5 post-challenge found
minimal to no SARS-CoV-2 RNA as well as no infectious viral parti-
cles in both the lung and brain of vaccinated compared with unvac-
cinated animal controls (Figures 6F and 6G).

Finally, the contribution of protection against a SARS-CoV-2 virus
challenge by vaccine-engendered B and T cell responses was assessed
in the hACE2 transgenicmousemodel. The antibody response to vacci-
nationwas reduced by depletingCD20+ B cells with an anti-CD20 anti-
body prior to LUNAR-COV19 inoculation. Depletion of B cells after
vaccination would hinder the generation of IgG. Impairment of
CD8+ T cell response was achieved by treating the vaccinated animals
with anti-CD8 antibody prior to SARS-CoV-2 challenge (Figure S3).
Treatment of vaccinated animals with matched isotype antibodies
served as control. A reduced RNA dose of 1 mg of LUNAR-COV19
was used to minimize lymphocyte count expansion from vaccination
(Figure 6H). Depletion of CD8+ T cells or both CD8+ T cells and
CD20+ B cells resulted in breakthrough SARS-CoV-2 infection. In
contrast, neither isotype-treated nor anti-CD20 only antibody-treated
animals developed breakthrough SARS-CoV-2 infection (Figure 6I).

Collectively, these data show that a single dose of LUNAR-COV19
vaccine is able to elicit adaptive immunity that protects against
SARS-CoV-2 challenge.
DISCUSSION
The pandemic of COVID-19 has necessitated rapid development of
vaccines. Encouragingly, after less than a year of development, several
vaccines have received emergency use authorization, and more are
entering first-in-human trials. However, the capacity to manufacture
vaccines for billions of people globally has presented a challenge. The
majority of vaccine candidates require two or more doses for sufficient
adaptive immune responses, consequently complicating compliance
rates in mass vaccination campaigns and resulting in fewer subjects
vaccinated per manufactured lot. Vaccines that generate immunity af-
ter a single dose or with lower doses than those currently approvedmay
lead to more efficient and rapid immunization of the global populace.

The proposed mechanism for self-replicating RNAs to enhance the
immune response starts with delivery of the RNA to the cytosol;
UNAR-COV19 or conventional mRNA control (n = 5/group). Blood sampling was

and days 10, 20, and 30 for C57BL/6J. (B–E) IgM (B and C) and IgG (D and E) against

protein in a Luminex immuno-assay (measured as MFI). (F and G) IgG endpoint titers

n-derived whole Spike protein at day 30 post-vaccination were assessed in BALB/c

post-immunization was measured with 8 M urea washes. (I) Neutralizing antibody

virus measured in both BALB/c and C57BL/6J. Gray dashed lines depict the serum

0 (K) of SARS-CoV-2 neutralization at day 30 and day 60 post-vaccination in BALB/c

ific IgG endpoint titers against SARS-CoV-2 neutralization (PRNT50). Antibody data

.01; **0.01 < p < 0.001.
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Figure 5. LUNAR-COV19 elicits Th1-biased immune

responses

(A and B) SARS-CoV-2 spike-specific IgG subclasses and

the ratio of IgG2a/c/IgG1 at 30 days post-vaccination with

LUNAR-COV19 compared with conventional mRNA

control in BALB/c (A) and C57BL/6J (B) mice (n = 5/

group). (C and D) Th2 cytokine and Th1/Th2 skew in CD4

T cells at day 7 post-vaccination in C57BL/6J mice

measured by ICS as percentage of IL-4+ CD4 T cells (C)

and ratio of IFNg+/IL-4+ CD4+ T cells (D). Antibody titers

and T cell data were compared between groups with a

two-tailed Mann-Whitney U test; *0.05 < p < 0.01;

**0.01 < p < 0.001.

Molecular Therapy

Please cite this article in press as: de Alwis et al., A single dose of self-transcribing and replicating RNA-based SARS-CoV-2 vaccine produces protective
adaptive immunity in mice, Molecular Therapy (2021), https://doi.org/10.1016/j.ymthe.2021.04.001
the RNA encoding the replicase is translated as a polyprotein. The
nsP4 RNA-dependent RNA polymerase in combination with the pol-
yprotein 1-2-3 makes a complementary strand of the RNA, producing
a double-stranded RNA (dsRNA) replication intermediate. Multiple
copies of the S glycoprotein are then transcribed by nsP4 from the
complementary negative strand, and nsP1 and nsP2 facilitate 50

capping and the addition of a poly A tail to the amplified RNA,
thus increasing expression of the S glycoprotein.29 Additionally, the
dsRNA replication intermediate has the potential to interact with
RIG-I and/or MDA5, inducing type I IFN production,30 thus acti-
vating an innate immune response that can transition into an adap-
tive immune response.

Several studies have shown RNA vaccines to be immunogenic.11,31–33

While RNA vaccines have made unprecedented progress in clinical
8 Molecular Therapy Vol. 29 No 6 June 2021
development, self-replicating RNA vaccine
may elicit dose-sparing and other useful proper-
ties in the global effort to bring the COVID-19
pandemic under control.34 This study thus
explored the ability of a STARR construct to
safely confer improved immunogenicity of an
RNA vaccine against COVID-19, specifically
reducing the required RNA dose and potentially
achieving protective immunity following a sin-
gle vaccination. An unmutated SARS-CoV-2 S
glycoprotein was expressed by STARR and
mRNA. All variables were minimized to provide
a direct comparison of a self-replicating RNA-
based vaccine with a non-self-replicating RNA
vaccine. There are reports in the literature
showing that conventional mRNA vaccines
can yield neutralizing antibody titers after a sin-
gle priming vaccination.35–37 However, direct
comparison of assay results are difficult because
of differences in S glycoprotein quaternary
structure, LNP formulation composition, and
virus neutralization assays. However, trends in
results can be compared. One study in which
the furin cleavage site was inactivated produced
similar anti-S glycoprotein IgG titers at 4 and
9 weeks post-vaccination and neutralizing antibody titers 9 weeks
post-vaccination.35,36 However, this was achieved at RNA doses at
least 10-fold greater than the lowest effective LUNAR-COV19 RNA
dose (2 mg), and no virus challenge study was conducted to demon-
strate protective immunity. Another study with Moderna’s mRNA-
1273 vaccine, which contains two point mutations to stabilize the pre-
fusion conformation of the S glycoprotein, also yielded neutralizing
antibody titers 14 days post-prime vaccination at RNA doses compa-
rable to LUNAR-COV19. In addition, significant reduction in lung
viral RNAwas observed following challenge with amouse-adapted vi-
rus (SARS-CoV-2 MA).37 However, unlike the lethal challenge model
in the present study, the virus RNA titers with the mouse-adapted
strain peaked at day 2 post-infection and were cleared by day 4
post-infection, whereas K18-hACE2 (hACE2) mice used for the lethal
challenge began to lose weight by day 4 post-infection along with



Figure 6. Single dose of LUNAR-COV19 protects hACE2 mice against a lethal challenge of SARS-CoV-2 virus

(A) hACE2 transgenic mice were immunized with a single dose of either PBS or 2 mg or 10 mg of LUNAR-COV19 (n = 5 per group), then challenged with live SARS-CoV-2 at

30 days post-vaccination, and either assessed for survival (with daily weights and clinical scores) or sacrificed at day 5 post-challenge for measurement of lung and brain

tissue viral loads. (B) Live SARS-CoV-2 neutralizing antibody titers (PRNT70) measured at 28 days post-vaccination. (C–E) Weight (C), clinical score (D), and survival (E) were

estimated after challenge with a lethal dose (5� 105 TCID50) of live SARS-CoV-2 virus. (F and G) Viral RNA (F) and infectious virus (G) in the lungs and brain of challengedmice

were measured with qRT-PCR and plaque assay, respectively. (H) The role of B cell and T cell depletion in LUNAR-COV19-vaccinated mice was studied after challenge with

SARS-CoV-2 virus. (I) At 5 dpi, viral RNA was assessed in both mouse lungs and brain. Study design schematic diagrams were created with BioRender.com. PRNT70 and

viral titers (RNA and plaque titers) were compared across groups with the non-parametric Mann-Whitney U test. Weights and clinical scores at different time points were

compared between PBS and 10 mg LUNAR-COV19-immunized mice with multiple t tests. *0.05 < p < 0.01; **0.01 < p < 0.001; ***0.001 < p < 0.0001; ****p < 0.00001.
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development of clinical signs, and all mice were dead by day 7. Not
only was there 100% survival 14 days post-virus challenge after a sin-
gle vaccination of 2 mg, there was no weight loss, no development of
clinical signs, and no change in overall behavior compared with their
behavior prior to vaccination.

These preclinical results confirmed that LUNAR-COV19 vaccination
elicited innate immune responses, in both the blood and draining
lymph nodes of mice, similar to those elicited by a mRNA vaccine
lacking the VEEV replicase but at doses that were 5–50 times lower.
In terms of adaptive immunity, LUNAR-COV19 was able to elicit
SARS-CoV-2 S-specific Th1-predominant humoral and cellular im-
mune responses. Critically, it was also observed that even under cir-
cumstances where B cell responses to LUNAR-COV19 vaccination
are compromised, cellular immunity generated by this vaccine could
protect against SARS-CoV-2 infection. Our findings thus highlight
the utility of self-replicating RNA vaccine against COVID-19.

The balance between immunogenic and reactogenic responses is
important. Replication of LUNAR-COV19 results in the formation
of a negative-strand template for production of more positive-strand
mRNA and sub-genomic mRNA expressing the S transgene. Interac-
tion between the negative and positive strands forms a dsRNA inter-
mediate, which would interact with TLR3 and RIG-I-like receptors to
stimulate type I IFN responses,38–40 which we and others have previ-
ously shown to correlate with superior adaptive immune re-
sponses.13–15 Our data show a 10% weight loss in mice receiving
the highest dose, an unfortunate consequence of increased innate im-
mune responses. However, weight loss is reduced at the 2 mg dose,
comparable to that of the (nucleoside modified) mRNA at 10 mg,
while showing significant increases in adaptive immune responses.

It is unclear whether the VEEV nsP1-4 forming the replication com-
plex contain any immunogenic properties, although mutations in the
nsP proteins have been shown to affect the induction of type I IFN.41

Although unexplored in our current study, VEEV replicons have also
been shown to adjuvant immune responses at mucosal sites,42 further
justifying the use of the STARR platform to develop a COVID-19
vaccine.

In conclusion, the STARR vaccine platform, as exemplified by LU-
NAR-COV19, offers an approach to simulate key immunogenic
properties of live virus vaccination and offers the potential for an
effective single-shot vaccination against COVID-19.

MATERIALS AND METHODS
Vaccine plasmid constructs and design

A human codon-optimized S glycoprotein gene of SARS-CoV-2
(GenBank: YP_009724390) was cloned into plasmids pARM2922
and pARM2379 for generation of SARS-CoV-2 S-expressing STARR
and conventional mRNA, respectively. The STARR plasmid also
encoded the VEEV non-structural proteins nsP1, nsP2, nsP3, and
nsP4 (GenBank: MH891622), which together form the replicase com-
plex that binds to the VEEV 26 S sub-genomic promoter placed right
10 Molecular Therapy Vol. 29 No 6 June 2021
before the S protein sequence (sequences will be made available upon
request). The cloned portions of all plasmid constructs were verified
by DNA sequencing. The pARM2922 and pARM2379 DNA plasmids
were linearized immediately after the poly(A) stretch and used as a
template for in vitro transcription reaction with T7 RNA polymerase.
For LUNAR-COV19 vaccine, the reaction for RNA was performed as
previously described,43 with proprietary modifications to allow highly
efficient co-transcriptional incorporation of a proprietary Cap1
analog and to achieve a high-quality RNA molecule >11,000 nt
long. RNA was then purified through silica column (Macherey-Na-
gel) and quantified by UV absorbance. For the conventional mRNA
vaccine, the RNA was also synthesized as previously described43

but with 100% substitution of UTP with N1-Me-PU. For both LU-
NAR-COV19 and conventional mRNA vaccines, the RNA quality
and integrity were verified by 0.8%–1.2% non-denaturing agarose
gel electrophoresis as well as Fragment Analyzer (Advanced Analyt-
ical). The purified RNAs were stored in RNase-free water at �80�C
until further use.

Vaccine LNPs

LUNAR nanoparticles encapsulating STARR were prepared by mix-
ing an ethanolic solution of lipids with an aqueous solution of
STARR. Lipid excipients (Arcturus Therapeutics proprietary ioniz-
able lipid, DSPC, cholesterol, and PEG2000-DMG) are dissolved in
ethanol at a mole ratio of 50:10:38.5:1.5 or 50:13:35.5:1.5. An aqueous
solution of the vaccine RNA is prepared in citrate buffer pH 4.0. The
lipid mixture is then combined with the vaccine RNA solution at a
flow rate ratio of 1:3 (V/V) via a proprietary mixing module. Nano-
particles thus formed are stabilized by dilution with phosphate buffer
followed by HEPES buffer, pH 8.0. Ultrafiltration and diafiltration
(UF/DF) of the nanoparticle formulation is then performed by
tangential flow filtration (TFF) using modified PES hollow-fiber
membranes (100 kDa MWCO) and HEPES pH 8.0 buffer. After
UF/DF, the formulation is filtered through a 0.2 mm PES filter. An
in-process RNA concentration analysis is then performed. Concen-
tration of the formulation is adjusted to the final target RNA concen-
tration, followed by filtration through a 0.2 mm PES sterilizing-grade
filter. After sterile filtration, bulk formulation is aseptically filled into
glass vials, stoppered, capped, and frozen at�70�C± 10�C. Analytical
characterization included measurement of particle size and polydis-
persity by dynamic light scattering (ZEN3600, Malvern Instruments),
pH, osmolality, RNA, content and encapsulation efficiency by a fluo-
rometric assay using RiboGreen RNA reagent, RNA purity by capil-
lary electrophoresis using fragment analyzer (Advanced Analytical),
and lipid content by high-performance liquid chromatography
(HPLC).

In vitro transfection and immunoblot detection of S protein

Hep3b cells (seeded in 6-well plates at a density of 7� 105 cells/well a
day before) were transfected with purified in vitro transcripts (IVTs)
(2.5 mg conventional mRNA control and 2.5 mg STARR) by Lipofect-
amineMessengerMax transfection reagent (Thermo Fisher Scientific)
according to themanufacturer’s instructions. The cells were harvested
the next day with a hypotonic buffer (10 mM Tris-HCl, 10 mM NaCl
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supplemented with protease inhibitor cocktail [Roche]), followed by
sonication. Samples were deglycosylated, followed by treatment with
PNGase F (New England Biolabs) according to the manufacturer’s
instructions.

The protein lysate (10 mg) was resolved on a 7.5% NuPAGE Tris-ac-
etate gel (Thermo Fisher Scientific), and the S protein expression was
analyzed by the LI-COR Quantitative Western Blot system using a
rabbit antibody detecting S1 (40150-T62-COV2, Sino Biological)
and a mouse antibody for S2 region (GTX632604, GeneTex) along
with appropriate secondary antibodies (goat anti-rabbit 800 and
goat anti-mouse 680).

Animal studies

BALB/c studies

All BALB/c mouse studies were approved by the Explora BioLabs
Institutional Animal Care and Use Committee (IACUC) and per-
formed under Animal Care and Use protocol number EB-17-004-
003. To examine protein expression in vivo, the STARR platform
was designed to express a luciferase reporter gene. BALB/c mice
(Jackson Laboratory) were immunized i.m. in the rectus femoris
with STARR at doses of 0.2, 2, and 10 mg and compared to conven-
tional non-replicating mRNA vaccine expressing the same luciferase
reporter gene (n = 3 mice/group). Luciferase expression was
measured at days 1, 3, and 7 post-inoculation by imaging the mice
for bioluminescence.

Humoral responses following vaccination with LUNAR-COV19 or
conventional mRNA controls, both containing the same S gene,
were tested in female BALB/c mice (Jackson Laboratory) aged 8–
10 weeks by i.m. immunization of the rectus femoris at doses of
0.2 mg, 2 mg, and 10 mg (n = 5 mice/group). Mice were bled at baseline
and at 10, 19, 30, 40, 50, and 60 days post-vaccination to assess SARS-
CoV-2-specific humoral immune responses.

C57BL/6

All C57BL/6 mouse studies were performed in accordance with pro-
tocols approved by the IACUC at Singapore Health Services,
Singapore (ref no.: 2020/SHS/1554). C57BL/6 mice purchased
from inVivos were housed in a BSL-2 animal facility at Duke-
NUS Medical School. Groups of 6- to 8-week-old wild-type
C57BL/6 female mice were vaccinated i.m. with either LUNAR-
COV19 or conventional mRNA controls bearing the same SARS-
CoV-2 S gene at doses of 0.2 mg, 2 mg, and 10 mg. For transcriptomic
and T cell studies, submandibular bleeds were performed for whole
blood at 24 h post-vaccination. Day 7 post-immunization, mice
were sacrificed, and inguinal lymph nodes and spleens were har-
vested for investigation of immune gene expression and T cell re-
sponses, respectively. Splenocyte suspensions for measuring T cell
responses were obtained by crushing spleen through a 70 mm cell
strainer (Corning). Red blood cells were removed by lysis using
BD PharmLyse reagent. For antibody studies, another set of vacci-
nated 6- to 8-week-old mice were bled at baseline and at 10, 20,
and 30 days post-vaccination.
SARS-CoV-2 challenge studies

SARS-CoV-2 challenge experiments were conducted with female
B6;SJL-Tg(K18-hACE2)2Prlmn/J (hACE2)mice purchased from Jack-
son Laboratory. Groups of 6- to 8-week-old wild-type C57BL/6 female
mice were vaccinated i.m. with 100 mL of LUNAR-COV19 at doses of
2 mg and 10 mg. Submandibular bleeds were performed for serum isola-
tion to determine antibody titers via PRNT 28 days post-vaccination.
Animals were infected with 5� 104 TCID50 in 50 mL via the intranasal
route. Daily weight measurements and clinical scores were obtained.
Mice were sacrificed when exhibiting >20%weight loss or clinical score
of 10. To assess organ viral loads, mice were sacrificed 5 days post-
infection and harvested organs were frozen at �80�C. Whole lungs
and brains were homogenized with MP lysing matrix A and F accord-
ing to manufacturer’s instructions in 1 mL of PBS. Homogenate was
used to assess both plaque titers and RNA extraction with TRIzol LS
(Invitrogen). No blinding was done for animal studies.

B cell and CD8+ T cell depletion studies

All CD20+ B and CD8+ T cell depletion studies followed by wild-type
SARS-CoV-2 challenge were carried out by adapting a previously
published approach. B cells were depleted from hACE2 transgenic
mice through the intraperitoneal (i.p.) administration of 50 mg of
anti-CD20 antibody (BioLegend SA271G2) at 72 h (�3 days) and
24 h (�1 day) before vaccination with LUNAR-COV19. For CD8+
T cell depletion, 5 mg of anti-CD8+ antibody (Bio X Cell, Cat#BE0061)
was injected i.p. at �3 days and �1 day before challenge with SARS-
CoV-2. For control mice, isotype IgG2b mouse control antibody (Bio
X Cell, Cat#BE0090) was similarly injected. Successful depletions of
CD20+ B and/or CD8+ T cells were confirmed via flow cytometry.
Briefly, 24 h after the second injection of anti-CD20+ and/or anti-
CD8+ antibodies, sub-mandibular blood was stained with AF488-
conjugated anti-mouse CD45R (BD, Cat#557669), APC-conjugated
anti-mouse CD3 (BD, Cat#565643), and BUV395-conjugated anti-
mouse CD8b antibodies (BD, Cat#74027).

Gene expression of immune and inflammatory genes

Whole blood collected 1 day post-vaccination was lysed with BD
PharmLyse reagent, and RNA was extracted with the QIAGEN
RNAeasy kit. Mouse lymph nodes collected from 7 days post-vaccina-
tion were homogenized, and RNA was extracted with TRIzol LS. RNA
(50 ng) fromwhole blood cells and lymph nodes were hybridized to the
NanoString nCountermouse inflammation and immunology v2 panels
(NanoString Technologies), respectively. As previously described,17,44

RNA was hybridized with reconstituted CodeSet and ProbeSet. Reac-
tionswere incubated for 24h at 65�Cand rampeddown to4�C.Hybrid-
ized samples were then immobilized onto a nCounter cartridge and
imaged on a nCounter SPRINT (NanoString Technologies). Data
were analyzed with nSolver Analysis software (NanoString Technolo-
gies) and Partek Genomics Suite. For normalization, samples were
excluded when percentage field of vision registration was <75, binding
density outside the range 0.1–1.8, positive control R2 value was <0.95,
and 0.5 fM positive control was%2 SD above themean of the negative
controls. Background subtraction was performed by subtracting esti-
mated background from the geometric means of the raw counts of
Molecular Therapy Vol. 29 No 6 June 2021 11
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negative control probes. Probe counts less than the background were
floored to a value of 1. The geometric mean of positive controls was
used to compute positive control normalization parameters. Samples
with normalization factors outside 0.3–3.0 were excluded. The geomet-
ric mean of housekeeping genes was used to compute the reference
normalization factor. Samples with reference factors outside the
0.10–10.0 range were also excluded. Hierarchical clustering was per-
formed with Partek Genomics Suite v.6 on gene sets and Z score values
by Euclidean dissimilarity and average linkage.

To identify DEGs between groups, Partek Genomics Suite Analysis
v.7 software was used to analyze variance (ANOVA) with a cutoff
of p < 0.05. Log2 fold changes generated were used for volcano plots
constructed with Prism v.8.1.0 software. DEGs were identified by a
fold change cutoff of 2. Unsupervised PCAwas performed to visualize
variability between vaccinated and non-vaccinated animals with Par-
tek Genomics Suite Analysis v.7 software. PCA ellipsoids were drawn
with a maximum density and 3 subdivisions.

T cell assessment using flow cytometry

Surface staining was performed on freshly isolated splenocytes with
the following panel of antibodies and reagents: B220 (RA3-6B2),
CD3 (17A2), CD4 (RM4-5), CD8a (53-6.7), CD44 (IM7), CD62L
(MEL-14) and DAPI. Intracellular cytokine staining was performed
by stimulating freshly isolated splenocytes with 50 ng/mL phorbol
myristate acetate (PMA) and 500 ng/mL ionomycin (IO) in the pres-
ence of GolgiPlug (BD) for 6 h. After stimulation, surface staining of
CD3, CD4, and CD8a was performed, followed by intracellular stain-
ing of IFNg (XMG1.2) and IL-4 (11B11). Data acquisition was per-
formed on a BD LSRFortessa and analyzed with FlowJo.

ELISpot

ELISpot was performed with the Mouse IFN-g ELISpotBASIC Kit
(Mabtech). A similar protocol has been used for human SARS-
CoV-2 samples.45. In brief, 4 � 105 freshly isolated splenocytes
were plated into polyvinylidene fluoride (PVDF)-coated 96-well
plates containing IFNg capture antibody (AN18). Cells were stimu-
lated with a 15-mer peptide library covering part of the S protein.
One hundred forty-three total peptides were divided into four pools
and used at a final concentration of 1 mg/mL per peptide. Negative
control wells contained no peptide. After overnight stimulation,
plates were washed and sequentially incubated with biotinylated
IFNg detection antibody (R4-6A2), streptavidin-ALP, and finally
BCIP/NBT. Plates were imaged with ImmunoSpot Analyzer and
quantified with ImmunoSpot software.

Luminex immuno-assay

Longitudinal assessment of binding antibody

Longitudinal IgM and IgG responses in BALB/c and C57BL/6 were
measured using an in-house Luminex immuno-assay. Similar
Luminex immuno-assays have been previously described for antibody
detection against SARS-CoV-2 antigens.46,47 Briefly, MAGPIX Lumi-
nex beads were covalently conjugated to insect-derived HIS-tagged
SARS-CoV-2 whole S protein (Sino Biological) with the ABC
12 Molecular Therapy Vol. 29 No 6 June 2021
coupling kit (Thermo) as per manufacturer’s instructions. Beads
were then blocked with 1% BSA, followed by incubation with serum
(diluted at 1:2,000 in block) for 1 h at 37�C. Beads are then washed,
and SARS-CoV-2 S-specific mouse antibodies were detected using
the relevant biotinylated secondary antibody (i.e., anti-mouse IgM-
biotin and anti-mouse IgG-biotin; SouthernBiotech) for IgM and
IgG assessment, respectively) with streptavidin-PE (SouthernBio-
tech). Antibody binding to S was then measured on a MAGPIX in-
strument as median fluorescence intensity (MFI). S antigen quantity
on beads was also probed with anti-6xHIS-PE antibodies, and all MFI
values were then corrected to S antigen quantity to account for exper-
iment-to-experiment variation.

IgG and IgG subclass endpoint titers

IgG endpoint titers to mammalian-derived SARS-CoV-2 S, S1, S2 and
RBD in sera at day 30 post-immunization were measured by Luminex
immuno-assay. Assay was conducted as described above, with the
modification of serially diluting serum 10-fold from 200 to 2 � 108.
Similarly, IgG subclass endpoint titers (i.e., IgG1 and IgG2a in
BALB/c and IgG1 and IgG2c in C57BL/6) were measured against
mammalian-derived SARS-CoV-2 S protein, using serially diluted
mouse sera (5-fold from 200 to 3.1 � 106) and secondary antibodies
anti-IgG1-biotin, anti-IgG2a-biotin, or anti-IgG2b-biotin (Southern-
Biotech). Four parameter logistic (4PL) curves were fitted to the
measured MFI data from serially diluted sera, and three times the
background (i.e., 3�MFI with no serum) was used as a threshold cut-
off to estimate endpoint titers.

IgG Avidity

Avidity index of IgG to SARS-CoV-2 S protein in sera at day 30 post-
immunization was estimated with the Luminex immuno-assay. Assay
was conducted as described above, with the minor modification of
following bead incubation with serum (diluted at 1:2,000) with either
a 10 min PBS or 8 M urea wash. Avidity index was estimated by sub-
tracting background MFI from all sample values and then dividing
MFI with 8 M urea wash by MFI with PBS wash.

PRNT

Neutralization of live SARS-CoV-2 was measured by PRNT at day 30
post-vaccination in both BALB/c and C57BL/6 mice. Similar proto-
cols have been published previously for SARS-CoV-2.48 Briefly,
mouse sera were serially diluted from 1:20 to 1:320 in culture media
and incubated with a clinical isolate of SARS-CoV-2,BetaCoV/
Singapore/2/2020 (GISAID: EPI_ISL_406973), for 1 h at 37�C. Vi-
rus-antibody mixtures were then added to Vero-E6 cells in 24-well
plates, incubated for 1–2 h, and then overlaid with carboxymethyl cel-
lulose (CMC) and incubated at 37�C and 5% CO2. At 5 days, cells
were washed and stained with crystal violet, and the number of pla-
ques was counted visually. The serum dilution leading to neutraliza-
tion of 50% of virus, i.e., PRNT50, was then calculated.
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