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We present a live-attenuated RNA hybrid vaccine technology
that uses anRNA vaccine delivery vehicle to deliver in vitro-tran-
scribed, full-length, live-attenuated viral genomes to the site of
vaccination. This technology allows ready manufacturing in a
cell-free environment, regardless of viral attenuation level, and
it promises to avoid many safety and manufacturing challenges
of traditional live-attenuated vaccines. We demonstrate this
technology through development and testing of a live-attenu-
ated RNA hybrid vaccine against Chikungunya virus (CHIKV),
comprised of an in vitro-transcribed, highly attenuated CHIKV
genome delivered by a highly stable nanostructured lipid carrier
(NLC) formulation as an intramuscular injection. We demon-
strate that single-dose immunization of immunocompetent
C57BL/6 mice results in induction of high CHIKV-neutralizing
antibody titers and protection against mortality and footpad
swelling after lethal CHIKV challenge.

INTRODUCTION
Nucleic acid-based vaccines represent attractive alternatives to tradi-
tional live-attenuated vaccines due to their ability to be rapidly adapt-
ed to new targets and reliably manufactured using pre-developed
sequence-independent methods. Recent advances in engineering the
structure1 and formulation2 of RNA-based vaccines has led to the
advancement of RNA vaccine platforms targeting emerging infectious
diseases. Recently, the SARS-CoV-2 pandemic has driven rapid devel-
opment of RNA vaccines against the coronavirus, including progres-
sion through phase I, II, and III clinical trials and culminating in
emergency use authorization of multiple RNA-based SARS-CoV-2
vaccines.

RNA vaccine technologymay be able to overcomemanufacturing and
safety challenges typical of traditional live-attenuated vaccines.
Manufacture of many attenuated viral vaccines using traditional cul-
ture methods can be difficult with a significant failure rate.3,4 The level
of viral attenuation in vaccine strains is often high, limiting the rapid
replication of virus to high titers. The number of biological substrates
allowed for viral culture by regulatory agencies is also highly limited.
Even should an excellent culture system exist, high viral titers are
often only achieved in adherent cell culture, limiting production ca-
pabilities.5 Resulting vaccine product characteristics are often highly
2782 Molecular Therapy Vol. 29 No 9 September 2021 ª 2021 The Am
variable based on the biological system and culture conditions used,6,7

as are the methods used to analyze the resulting materials.4,8 This re-
sults in a high regulatory burden, increased vaccine costs, high failure
rates of manufacturing lots, and can lead to severe vaccine short-
ages.4,9–12 Safety issues are also inherent in the use of biological cul-
ture for vaccine manufacture. Contamination of vaccine materials
has resulted from biological culture contamination during manufac-
ture.13,14 Viral source material must also be consistent and regulated,
as passage and expansion of live-attenuated viral strains during
manufacturing may lead to genetic drift, whichmay in turn affect vac-
cine safety and immunogenicity profiles.8,15,16

A hybrid RNA-traditional vaccine approach could harness the
strengths of both vaccine types, combining the ease, reliability, and
safety inherent in nucleic acid vaccine manufacture with the proven
immunogenicity of live-attenuated viral vaccines. Chikungunya virus
(CHIKV) is an excellent model system for the testing of such a hybrid
live-attenuated RNA hybrid vaccine. CHIKV is an emerging tropical
arbovirus transmitted by the mosquito Aedes aegypti that typically re-
sults in fever, rash, and debilitating arthralgia and arthritis that can
last months to years after infection (reviewed previously17,18), No
approved vaccine against CHIKV exists at present. Reactogenicity
problems plagued the original traditionally developed, live-attenuated
CHIKV vaccine (181/25 strain) derived in the 1980s.19 Despite effi-
cacy demonstrated in phase I and II clinical trials, arthralgia was re-
ported in approximately 8% of 181/25 vaccinees, leading to the halt of
181/25-based vaccine development.20 CHIKV strain 181/25 was also
demonstrated to be transmitted by the natural A. aegypti mosquito
vector, leading to further concerns about vaccine containment.21

Later studies of the 181/25 viral strain indicated that viral attenuation
was due to only two point mutations in the CHIKV envelope pro-
tein.22 This led to serious concerns about the genetic stability of the
181/25 vaccine virus strain. Indeed, the noted arthralgia in many vac-
cinees may be attributable to reversion of the 181/25 virus strain to a
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Figure 1. RNA constructs used as CHIK vaccine

candidates

(A) Construct schematics. (B) Agarose gels showing free

RNA from each NLC-formulated RNA vaccine candidate,

extracted RNA from each NLC-formulated RNA vaccine

candidate, and extracted RNA from vaccine candidates

after challenge with RNase L. (C) VLPs collected by ultra-

centrifugation of transfected cell supernates 72 h post-

transfection, resuspension of VLP pellets in PBS, bicin-

choninic acid (BCA) assay for total protein quantification,

and western blot with equal protein loading across sam-

ples, alongside purified Chikungunya E protein (~50 kDa).
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fully pathogenic phenotype during or after manufacture, as evidence
of such reversion has been observed in experimental 181/25 infection
of mice followed by viral sequencing.22

While non-replicating inactivated or virus-like particle (VLP)-based
CHIKV vaccines have been described that would overcome such
safety concerns,23–26 VLP-based vaccines often require the use of ad-
juvants and booster doses,27 while high manufacturing costs often
pose a significant challenge to the clinical practicality of such vaccine
strategies. Live-replicating CHIKV strains with additional, more sta-
ble attenuating mutations and live-replicating chimeric CHIKV vac-
Molecula
cines have been created as potential viral vac-
cines28–32 and appear to be the most practical
candidates for safe and effective single-dose im-
munization against CHIKV. Manufacture of
such live-attenuated CHIKV strains, however,
involves all of the manufacturing challenges
and safety issues mentioned above. Introduction
of such live-attenuated RNA vaccine strains us-
ing a hybrid live-attenuated RNA vaccine tech-
nology could streamline manufacture of such
vaccines, as well as reduce the potential for cul-
ture contamination and genetic drift.

In this work we demonstrate the creation of a
hybrid live-attenuated RNA vaccine against
CHIKV, in which full-length replication-compe-
tent attenuated CHIKV genomes are delivered to
the site of vaccination using cutting-edge ther-
mostable RNA vaccine delivery technology.
This vaccine is an easily manufactured product
with no need for biological culture, resulting in
a reliable and stable genetic profile ensuring
consistent safety and reactogenicity.

RESULTS
Vaccine candidates create VLPs in vitro

To test the use of whole-genome CHIKV RNA as
safe and effective vaccines, we created DNA
constructs containing the entire genome of four
live-attenuated CHIKV variants (Figure 1A).
Construct CHIKV 181/25 contains the full-length 181/25 CHIKV
strain sequence. Three further constructs added additional previously
described attenuating mutations to the 181/25 sequence in order to
achieve genetically stable attenuation and effectively compare
whole-genome RNA vaccines to current live-attenuated vaccine can-
didates, as follows: construct CHIKV 181/25-D5nsP3 contains the
181/25 CHIKV strain sequence with a deletion in the P1234 polypro-
tein of the nsP3 replicase gene, encoding for residues 1,656–1,717.29,30

Construct CHIKV D6K contains the 181/25 CHIKV sequence with a
deletion in the D6K genomic region,29 representing amino acid resi-
dues 749–809. Construct CHIKV 181/25-ECMV IRES substitutes an
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Figure 2. Infectious attenuated viral strains rescued from RNA-transfected

Vero cells

Rescued virus strains were passaged twice, and the level of attenuation relative to

CHIKV-LR was measured by growth curves (MOI of 0.01) on Vero cells. (A and B)

Supernate virus content was measured by qRT-PCR of viral genomes (A) or plaque

assay (B). Data points represent mean values from biological triplicate samples ±

SEM.
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ECMV IRES for the native CHIKV subgenomic promoter, a method
previously successfully used to attenuate the virulent La Reunion
strain of CHIKV (CHIKV-LR).28,33,34 For comparison with other
RNA vaccine technology, we also created construct CHIKV 181/25-
CE mRNA, an mRNA-based CHIKV vaccine candidate that expresses
the 181/25 strain structural proteins C, E1, and E2 but contains no
full-length genomic RNA.

We created fully functional, capped RNA using each of the DNA con-
structs as templates using in vitro transcription and capping reactions.
We then formulated RNA vaccines with each RNA by complexing
with a nanostructured lipid carrier (NLC) for effective delivery into
target cells, as described previously.35,36 To verify full and equal
loading of RNA onto the nanoparticles, as well as nanoparticle-medi-
ated protection of the RNA from degradation by RNases, we ran a
sample of each complexed vaccine, RNA extracted from each vaccine,
and RNA extracted from each vaccine after challenge with RNase on
an agarose gel (Figure 1B). We saw complete RNA complexing for
each RNA vaccine candidate, as indicated by no free RNA present
in the vaccine solution. RNA extracted from each vaccine candidate
was of the appropriate sizes and showed excellent integrity and equal
loading across vaccine candidates. The vaccine nanoparticles also al-
lowed for retention of significant amounts of full-length RNA after
challenge with ample RNase to fully degrade non-protected RNA,
with protection of vaccine RNA from the action of RNases equal
across vaccine candidates.

We tested these RNAs in vitro by transfection into HEK293 cells to
validate their ability to induce the production of replication-compe-
tent VLPs. Transfected cell supernatants were collected 72 h post-
transfection, concentrated, and ultracentrifuged through a 20% su-
crose cushion to isolate VLPs produced by cell culture. Western
blots were conducted on the resulting isolated VLPs to confirm suc-
cessful expression of CHIKV proteins from in vitro-transcribed
RNAs from each construct (Figure 1B). All four full-genome
CHIKV RNAs and the CHIKV structural protein mRNA success-
fully produced VLPs.

Infectious attenuated virus strains rescued from in vitro

transfection of whole-genome RNAs

Transfection of Vero cells with the full-length viral genome RNAs al-
lowed for rescue of infectious virus for all four live-attenuated CHIKV
virus constructs. After two rounds of passage in cell culture, growth
curves for each attenuated viral strain at a fixed multiplicity of infec-
tion (MOI) were performed on Vero cells to confirm virus growth and
attenuation as measured by both qPCR for viral genomic material and
a plaque assay for infectious virus (Figure 2). Similarly, a growth curve
for virulent CHIKV-LR was conducted under biosafety level 3 (BSL3)
conditions for comparison. The rescued CHIKV 181/25 virus grew to
a higher titer (6.6 � 107 genome copies/mL by qPCR and 8.5 � 107

plaque-forming units [PFU]/mL by plaque assay) than those of the
more-attenuated CHIKV 181/25-D5nsP3, CHIKV 181/25-D6K, and
CHIKV 181/25-ECMV IRES rescued viral strains (titers of 2.1 �
107, 2.7 � 107, and 2.5 � 107 genome copies/mL by qPCR and
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7.0 � 106, 6.7 � 106, and 3.8 � 106 PFU/mL by plaque assay, respec-
tively; p < 0.05 for all). CHIKV-LR replicated to similar titers as
CHIKV 181/25 (8.2 � 107 versus 8.5 � 107 PFU/mL, p = 0.93) but
reached full titer approximately 12 h sooner. As expected, CHIKV
181/25-CE mRNA VLPs did not allow for rescue of infectious virus.

Whole-genome RNA vaccines are immunogenic in

immunocompetent mice and protect against virulent CHIKV

challenge

We then tested these RNA vaccine candidates for immunogenicity by
injecting groups of immunocompetent C57BL/6 mice with 1 mg (full-
length genome RNA and mRNA) or 5 mg (mRNA) of the individual
RNA constructs formulated with NLC. While type I interferon (IFN)
receptor �/� mice are often used for studies of CHIKV pathogen-
esis,34,37,38 IFN-competent mice are necessary for studies involving
replicating viral vaccines to accurately reflect typical viral replication
and immune responses;37 thus, wild-type C57BL/6 mice were used
throughout this work. Blood samples were taken from all vaccinated
and control mice at 2 days post-vaccination to check for post-vacci-
nation viremia by a plaque assay. Plaque-reduction neutralization
titers were measured in serum samples taken at 21 days post-inocu-
lation and compared to control mice vaccinated by footpad injection
of 104 PFU of CHIKV-181/25 virus (Figure 3A). The CHIKV-181/25,
CHIKV-D5nsp3, and CHIKV-D6K full-genome RNA vaccines
induced significant serum neutralizing antibody titers in vaccinated



Figure 3. Immunogenicity and efficacy screen of CHIKV RNA vaccine candidates

Wild-type C57BL/6 mice (n = 20/group) were immunized with 1 mg (whole-genome) or 5 mg (mRNA) of RNA vaccine candidates complexed with NLC. (A) CHIKV-neutralizing

antibody titers 28 days post-vaccination with RNA vaccine candidates or CHIKV 181/25 virus (one-way ANOVA [6 degrees of freedom (DoF), F = 58.5] followed by Dunnett’s

multiple comparison test). Mouse groups were then divided in half and challenged either lethally with 103 PFU/mouse of CHIKV-LR after i.p. injection of 2 mg of Mar1

(legend continued on next page)

www.moleculartherapy.org

Molecular Therapy Vol. 29 No 9 September 2021 2785

http://www.moleculartherapy.org


Molecular Therapy
mice relative to mock-immunized control mouse sera (adjusted p
value < 0.005 for each), although these were low relative to plaque
reduction neutralization test (PRNT) titers resulting from mouse im-
munization with CHIKV 181/25 virus (adjusted p value < 0.0001 for
all). We detected low levels of post-vaccination viremia in five of the
ten 181/25 virally immunized mice, but no viremia in any of the
RNA-vaccinated mice (Figure S1). CHIKV 181/25-CE mRNA vacci-
nation did not result in neutralizing antibody titers at either 1- or
5-mg doses.

Twenty-eight days post-vaccination, the vaccinated mice from each
group were then each split into two groups. A lethal challenge group
was used to determine vaccine-induced protection from death, and a
nonlethal challenge group was used to examine vaccine-induced pro-
tection from footpad swelling, under immunocompetent conditions,
as is standard in the field of CHIK vaccine studies.

To create a CHIKV lethal challenge model, we transiently immuno-
compromised the mice in the lethal challenge group by intraperito-
neal (i.p.) injection of 2 mg of MarI IFNAR-blocking monoclonal
antibody 18 h prior to challenge with 103 PFU/mouse of virulent
CHIKV-LR via footpad injection. While CHIKV-181/25 is nonlethal
in immunocompetent C57BL/6 mice,37 CHIKV is known to be type I
IFN sensitive,39,40 and temporary inhibition of type I IFN signaling is
necessary and sufficient to obtain lethal challenge conditions with
CHIKV-LR in otherwise immunocompetent C57BL/6 mice. Survival
data are shown in Figure 3B; serum samples were taken from a subset
of the challenged mice (n = 5) 2 days after challenge to check for
viremia (Figure 3C).

Non-lethal challenge mice for examination of CHIKV-induced
footpad swelling did not receive IFNAR-blocking antibody, and
they were challenged 28 days post-vaccination by footpad injection
of 105 PFU of CHIKV-LR per mouse. Serum samples were taken
2 days after challenge from a subset of the challenged mice (n = 5)
to measure viremia (Figure 3C). Footpad breadth was measured daily
for each non-lethally challenged mouse for 14 days (Figure 3D). All
challenged mice were weighed daily (Figure S2).

Mice vaccinated with CHIKV 181/25 virus showed 100% survival, to-
tal suppression of viremia after lethal challenge in the transiently
immunocompromised mice, and total suppression of CHIKV-
induced footpad swelling in the immunocompetent mice untreated
with Mar1 IFNAR-blocking antibody. CHIKV 181/25-CE mRNA
inoculation did not result in neutralizing antibody titers at either 1-
(data not shown) or 5-mg doses, and the 5-mg dose failed to provide
any protection against viremia, death, or footpad swelling relative
to unvaccinated mice. CHIKV 181/25-CE mRNA was thus removed
from further candidacy. Each whole-genome, live-attenuated RNA
IFNAR-blocking antibody (n = 10/group), or nonlethally challenged with 105 PFU/mouse o

(B and C) Mouse survival was monitored daily (B), and serum samples were taken from a

this initial vaccine candidate screening study, footpad breadth alone was measured daily

points represent arithmetic means ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p <
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vaccine candidate induced partial protection from post-challenge
mortality, viremia, and footpad swelling.

The wide range of neutralizing antibody titers induced by any one
CHIKV whole-genome RNA vaccine candidate suggested that vac-
cine dosing was not optimal, leading to launch of the RNA virus in
some but not all mice. The full-genome CHIKV 181/25 and CHIKV
181/25D5nsP3 RNA vaccine candidates were thus chosen—based
on their induction of neutralizing antibody titers and ability to protect
mice against viremia, death, and footpad swelling—for further dosing
and immunogenicity studies.

Whole-genome RNA vaccine immunogenicity and efficacy is

dose-dependent and rivals that of live virus vaccine

To confirm immunogenicity of and determine suitable dosing for the
two lead full-genome RNA CHIK vaccine candidates, we immunized
mice with 0.1, 1, or 10 mg of each of the two lead RNA vaccines
CHIKV 181/25 and CHIKV 181/25-D5nsP3. Vaccination with 104

PFU/mouse of each attenuated virus or plain PBS served as positive
and negative vaccination control groups. Serum antibody titers at
28 days post-vaccination were measured by PRNTs (Figure 4A).
Each animal group was then injected with 2 mg of murine IFNAR-
blocking antibody and lethally challenged with 103 PFU of virulent
CHIKV-LR 18 h later. Survival data are displayed in Figure 4B.
Footpad area measurements (width� breadth) from the lethally chal-
lenged mice were also taken for each mouse, and data for CHIKV 181/
25-vaccinated (C) and CHIKV 181/25-D5nsP3-vaccinated (@) mice
are shown in Figures 4C and 4D, respectively. All mice were weighed
daily (Figure S3).

Both the CHIKV 181/25 and CHIKV 181/25-D5nsP3 RNA-based vac-
cines induced significant neutralizing antibody serum titers at 28 days
post-vaccination. Clear dose-dependence was observed for both
whole-genome RNA vaccines. Indeed, the highest dose of each
whole-genome RNA vaccine (10 mg/mouse) resulted in induction of
serum antibody titers not significantly different than antibody titers
induced by live viral vaccination (p > 0.05).

Mock-vaccinated mice uniformly died by day 6 post-challenge. Both
whole-genome RNA vaccines protected 100% of mice against death at
doses of 10 and 1 mg/mouse, and they partially protected mice at the
lowest RNA vaccine dose (0.1 mg). Monitoring of CHIKV-induced
footpad swelling in this transiently immunocompromised challenge
model was highly informative; significant footpad swelling occurred
in a dose-dependent manner inversely proportional to vaccine dose.
Interestingly, even mice completely protected from mortality by the
mid-range 1-mg dose of either full-genome RNA vaccine showed sig-
nificant footpad swelling, indicating incomplete protection against
morbidity. Little to no footpad swelling was seen in virally vaccinated
f CHIKV-LR (n = 10/group) (one-way ANOVA, 6 DoF, F = 14.1 and 7.1, respectively).

subset of mice (n = 5) 2 days post-challenge for measurement of viremia (C). (D) For

for non-lethally challenged mice (n = 10) to monitor CHIKV-induced arthralgia. Data

0.0001 by Dunnett’s multiple comparisons test.



Figure 4. Dosing and efficacy of lead whole-genome

CHIKV RNA vaccine candidates

Wild-type C57BL/6 mice (n = 10/group) were immunized

i.m. with 0.1, 1, or 10 mg of whole-genome RNA vaccine

candidates CHIKV 181/25 or CHIKV 181/25D5nsP3.

Vaccination with 104 PFU/mouse of each attenuated virus

served as positive vaccination control groups. (A) CHIKV-

neutralizing antibody titers 28 days post-vaccination. Two-

tailed t tests were used on log-normalized PRNT data to

compare neutralizing Ab titers induced by the 10-mg RNA

vaccine dose with Ab titers induced by the respective live-

attenuated viral vaccine. (B) Post-lethal challenge viremia

measured by plaque assay (n = 10/group). (C and D) Sur-

vival of mice vaccinated with different doses of CHIKV 181/

25 and CHIKV 181/25-D5nsP3 RNA-based vaccines,

respectively, after immunocompromisation and lethal

challenge with CHIKV-LR (n = 10/group). (E and F) Mouse

footpad swelling as indicated by footpad width � breadth

measurements after immunocompromisation and lethal

challenge (n = 10/group). Data points represent arithmetic

means ± SEM. Two-tailed homoscedastic t tests were

used to compare log-normalized mouse serum PRNT titers

induced by the 10-mg RNA vaccine doses with those

induced by the respective live-attenuated viral vaccine

control (DoF = 9).

www.moleculartherapy.org
mice, or inmice vaccinated with the highest dose (10 mg RNA) of each
RNA vaccine, indicating a high level of protection even upon vaccina-
tion with a highly attenuated CHIKV genomic strain.

DISCUSSION
We have demonstrated that an effective CHIKV vaccine can be
created by delivering replication-competent attenuated CHIKV
genomes to the site of vaccination using cutting-edge RNA vaccine
technology. This vaccine technology allowed for the production of
replication-competent VLPs in vitro capable of presenting CHIKV
epitopes to appropriate immune cells in vivo. In vivo studies demon-
strated the ability of this CHIKV hybrid live-attenuated RNA vaccine
to induce significant CHIKV-neutralizing antibody titers in immuno-
competent mice after a single immunization in a dose-dependent
manner.We then used a transiently immunocompromisedmurine le-
thal challenge model to demonstrate vaccine-induced protection
against CHIKV-mediated morbidity and mortality. The vaccine
demonstrated the ability to protect even transiently immunocompro-
mised mice from death, viremia, and footpad swelling after lethal
challenge with virulent CHIKV-LR.

Our work also establishes a model for CHIKV lethal challenge in IFN-
competent mice. By i.p. injection of IFNAR-blocking antibodies prior
to CHIKV-LR virus challenge, wild-type C57BL/6 mice were suffi-
Molecula
ciently immunocompromised to achieve reliable
lethality in unprotected mice. Use of immuno-
competent mice with intact innate immune
signaling systems is important for live, repli-
cating vaccine efficacy testing to prevent overes-
timation of vaccine immunogenicity. This model accordingly allows
for the progression of normal immune responses to vaccination, while
also providing a challenge model for proof of vaccine efficacy beyond
footpad swelling measures alone. Indeed, in such transiently immu-
nocompromised mice, footpad swelling in this model appears to be
a more sensitive measure of vaccine protection from CHIKV than
is footpad swelling in wild-type C57BL/6 mice, a common model of
CHIKV protection.

Advantage of live-attenuated RNA hybrid vaccine: delivery

DNA vaccines against CHIKV have previously been created by
several scientific teams with a similar goal of harnessing the safety,
manufacturability, and reliability of nucleic acid-based vac-
cines.29,30,41–44 Indeed, several groups have used DNA to launch
full-length replication-competent live attenuated CHIKV strains in
a similar bid to harness the advantages of nucleic acid vaccine
technology in combination with the proven immunogenicity and reli-
ability of live-attenuated vaccines. In work by Tretyakova et al.,44 “im-
munization DNA”was used to deliver full-length cDNA of attenuated
CHIKV virus genomes to BALB/c mice, and this resulted in the devel-
opment of CHIKV-neutralizing antibodies and protection of mice
against virulent CHIKV challenge. Similarly, Hallengärd et al. admin-
istered DNA encoding genomes of the live-attenuated CHIKV strains
CHIKV 181/25-D5nsP3 and CHIKV 181/25-D6K (also used in our
r Therapy Vol. 29 No 9 September 2021 2787
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work) by electroporation of C57BL/6 mice, resulting in antibody re-
sponses and protection against viremia and joint swelling.29 However,
all of these DNA-based vaccine platforms require electroporation of
vaccine-injected mouse muscle to enable DNA entry into target cells.
The ability to administer our live-attenuated RNA hybrid vaccine via
a single intramuscular (i.m.) injection is a major improvement to the
ease and reliability of vaccine administration, and considerably more
adoptable in a clinical setting.

Advantages of live-attenuated RNA hybrid vaccine: safety and

genetic stability

Manufacturing for both the RNA and NLC formulation components
of these live-attenuated RNA hybrid vaccines is done in cell-free envi-
ronments, avoiding the potential for biological materials to become
contaminated and affect vaccine quality, as has been a rare but serious
issue in the manufacture of live-attenuated vaccines. An additional
safety benefit is conferred by the nature of the RNA vaccine material,
which does not need to be passaged and expanded as do live-attenuated
virus strains. As a result of direct translation from a DNA backbone by
the relatively low-error T7 RNA polymerase, the CHIKV vaccine RNA
has a consistent and easily characterized sequence, unlike the geneti-
cally diverse pseudospecies typically found in live-attenuated vaccines
against RNA viruses. Even live-attenuated Chikungunya vaccine
strains engineered to have a particularly high-fidelity polymerase (fi-
delity variants), which demonstrated efficacy in mice,45 also showed
maintained or even increased accumulation of mutations after
passaging in cell culture,45,46 resulting in safety concerns. Increased ge-
netic diversity of live-attenuated Chikungunya vaccines have also been
suggested to potentially impair the development of neutralizing
antibodies.46 Others have demonstrated that DNA-launched 181/25-
derived Chikungunya vaccine virus genomes have a higher level of
genetic uniformity than even a minimally passaged 181/25 viral strain,
with significantly lower frequency of single-nucleotide polymor-
phisms, including at the two mutation sites in the 181/25 virus that
are responsible for attenuation.47 We would expect similarly reduced
genetic diversity in our hybrid live-attenuated RNA vaccine relative
to the 181/25 pseudospecies, with any T7 polymerase-introduced mu-
tations randomly assorted across the viral genome rather than due to
any selective pressure. Thus, use of in vitro transcription direct from
a plasmid likely results in better genetic stability and safety profiles
for RNA-delivered CHIKV genomes, free of genetic drift.

Advantage of live-attenuated RNA hybrid vaccine:

manufacturability

Amajor advantage of nucleic acid vaccines is their reliable, sequence-
independent manufacturability. Such manufacturing requires little to
no specialized equipment not already found in standard good
manufacturing practice (GMP) facilities. DNA plasmid manufacture
is established GMP technology; in vitro RNA transcription and NLC
formulation manufacture are GMP-friendly and easily adapted to
new vaccine sequences. We have GMP-ready systems in place for
manufacture of such RNA-based vaccines on the scale of tens of thou-
sands of doses per year; similar manufacturing systems could be set
up elsewhere including in areas where CHIKV is endemic.
2788 Molecular Therapy Vol. 29 No 9 September 2021
While a number of other CHIKV vaccines are currently in advanced-
stage preclinical development or clinical trials,24,30–32,34 the cost of
manufacture, stability, and safety profiles of such vaccines are as yet
unclear. The rapid advancement and recent approval under emer-
gency use authorization of nucleic acid-based vaccine technologies
against SARS-CoV-2 has established a path for the approval of a
first-in-class live-attenuated hybrid RNA vaccine system as proposed
herein.

Future work

Future preclinical development of these live-attenuated RNA hybrid
CHIKV vaccines should include examination of T cell responses to
vaccination. While CHIKV-reactive antibodies are generally consid-
ered to be appropriate correlates of protection for CHIKV vaccines,48

T cell responses to our live-attenuated RNA hybrid vaccine platform
would of great interest to study as part of future vaccine development
efforts. Similarly, this work was conducted in female mice to maximize
statistical power to identify significant differences in immunogenicity
between vaccine candidates with a limited number of total animals;
advanced preclinical testing should include both male and female an-
imals to fully characterize vaccine candidate immunogenicity.

This method of vaccine development may be applied to other posi-
tive-stranded RNA viruses, allowing for reliable manufacture of
live-attenuated RNA hybrid vaccines of even highly attenuated virus
strains. Positive-stranded RNA viruses comprise a broad class of vi-
ruses, causing numerous important human pathogens such as
SARS, hepatitis C, Coxsackie virus, West Nile virus, polio, and yellow
fever, among many others. While this method of vaccine develop-
ment relies on the existence of a live-attenuated vaccine virus strain,
it allows for more straightforward, sequence-independent, cell-free
manufacturing compared with traditional live-attenuated vaccine
manufacturing methods. Thus, this method may be used to supple-
ment stores of already-existing viral vaccines with manufacturing
difficulties, and/or the scale-up and commercialization of otherwise
unmanufacturable highly attenuated vaccine strains. Efforts are un-
derway to develop long-term stable storage capabilities for such
pre-formulated RNA/NLC vaccines to allow for effective storage
and distribution, potentially without the need for a cold-chain.

The yellow fever vaccine is an example of where such a technique
could be usefully applied. A live-attenuated vaccine against yellow
fever has long been available, but it is notoriously difficult to manu-
facture. Indeed, difficulties in manufacturing have led to massive
shortages in worldwide vaccine supplies,9,49 contributing to the emer-
gence of yellow fever outbreaks throughout Brazil and other endemic
countries.50–52 Our hybrid RNA vaccine technology could potentially
allow for the easy manufacture and delivery of YF-17D vaccine virus
RNA by standard i.m. injection, bypassing current yellow fever vac-
cine manufacturing processes and relieving vaccine shortages.

We have demonstrated the use of this hybrid live-attenuated RNA
vaccine for a positive-stranded RNA virus as the most straightforward
application of this technology. This hybrid live-attenuated RNA
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vaccine technology could be further adapted to target other classes of
viruses with straightforward future development. Negative-strand
RNA viruses, for example, could be targeted by addition of a posi-
tive-strand gene encoding the appropriate RNA-dependent RNA po-
lymerase to the vaccine RNA encoding the negative-strand RNA
genome. Such a gene could successfully be encoded either on a sepa-
rate mRNAmolecule or added to the genome-containing RNA under
the control of a separate translation initiation signal.

Conclusions

This work presents a proof of principle that full-genome RNAs can be
used to launch live-attenuated viral vaccines, a method we describe as
live-attenuated RNA hybrid vaccines. Such hybrid live-attenuated nu-
cleic acid vaccines may be reliably and rapidly manufactured in a cell-
free, sequence-independent process that overcomes many of the
ongoing production and safety challenges inherent in the manufac-
ture of live-attenuated viral vaccines. As a sequence-independent pro-
cess, this hybrid live-attenuated/RNA vaccine technology allows for
the use of highly attenuated virus strains in vaccines, thereby
increasing both the genetic attenuation stability and safety profile of
the vaccine.

MATERIALS AND METHODS
Cell and virus culture

Human embryonic kidney cells (293T, ATCCCRL-3216) and African
green monkey cells (Vero, ATCC CCL-81) were obtained from the
American Type Culture Collection and passaged in antibiotic-free
DMEM medium with GlutaMAX (Invitrogen) supplemented with
10% fetal bovine serum. All cell lines were maintained in a humidified
incubator at 37�C in a 5% CO2 atmosphere, and prescreened for my-
coplasma contamination. CHIKV strains 181/25 and CHIKV-LR
(OPY1, passaged five times in Vero cells) were obtained from the
World Reference Center for Emerging Viruses and Arboviruses at
the University of Texas Medical Branch in Galveston, TX, USA,
and propagated on Vero cells (MOI of 0.02).

Viral plasmids and cloning

A plasmid containing the full-length CHIKV 181/25 genomic
sequence under control of an SP6 promoter was obtained from Ken-
neth Plante at the World Reference Center for Emerging Viruses and
Arboviruses located at the University of TexasMedical Branch in Gal-
veston, TX, USA. We used standard cloning techniques to replace the
existing SP6 promoter with a T7 promoter to create the plasmid
CHIKV-181/25. Plasmids CHIKV 181/25-D5nsP3, CHIKV D6K con-
taining CHIKV 181/25 genomes with additional published attenu-
ating deletions,28–30 and CHIKV 181/25-ECMV IRES33,34 were
created from the CHIKV-181/25 plasmid by standard cloning
methods. Briefly, gene fragments containing the desired gene edits
were synthesized (Integrated DNA Technologies) and cloned into di-
gested, purified CHIKV-181/25 plasmid backbones using InFusion
enzyme mix (Clontech) between PpuMI and SfiI (CHIKV 181/25-
ECMV IRES), XhoI and SgrAI (CHIKV D6K), or PasI and Bpu10I
(CHIKV 181/25-D5nsP3) restriction enzyme sites. All plasmid se-
quences were confirmed by Sanger sequencing. Plasmid sequences
have been uploaded to GenBank as follows: CHIKV 181/25-CE
mRNA, GenBank: MZ671996; CHIKV 181/25, GenBank:
MZ671997; CHIKV 181/25-D5nsP3, GenBank: MZ671998; CHIKV
D6K, GenBank: MZ671999; CHIKV 181/25-ECMV IRES, GenBank:
MZ672000.

RNA production

Viral genome-containing plasmids were amplified in Top10 cells (In-
vitrogen) and isolated using QIAGEN Maxiprep kits. Purified plas-
mids were then linearized with NotI restriction digestion and
phenol-chloroform purified. RNA was transcribed in vitro using an
in-house optimized protocol using T7 polymerase, RNase inhibitor,
and pyrophosphatase enzymes (Aldevron), followed by a DNase in-
cubation (DNase I, Aldevron) and LiCl precipitation. Cap0 structures
were added to the RNA by a reaction with vaccinia capping enzyme,
guanosine triphosphate (GTP), and S-adenosyl methionine (New En-
gland Biolabs). Capped RNA was then precipitated using LiCl and
resuspended in nuclease-free water prior to quantification by UV
absorbance (NanoDrop 1000) and analysis by agarose gel electropho-
resis using Ambion NorthernMax reagents (Invitrogen). All tran-
scribed and capped vaccine RNA was stored at �80�C until use.

RNA vaccine formulation and testing

RNAwas complexed with a stable NLC colloidal delivery formulation
whose structure and manufacture have previously been described.35

Briefly, a blend of liquid oil (squalene) and solid lipid (Dynasan
114) form a semi-crystalline nanostructure core, stabilized in
an aqueous buffer by a hydrophobic sorbitan ester (Span 60), a
hydrophilic ethoxylated sorbitan ester (Tween 80), and the cationic
lipid DOTAP (N-[1-[2,3-dioleoyloxy)propyl]-N,N,N-trimethylam-
monium chloride), which together allow for long-term colloidal sta-
bility. The formulation was prepared as previously described.35

RNA vaccine complexing and characterization

Vaccine RNA was complexed with NLC formulation at a NLC nitro-
gen/RNA phosphate ratio of 15. Briefly, RNAwas diluted in nuclease-
free water to twice the desired final vaccine RNA concentration, and
dilution of NLC in an aqueous sucrose citrate buffer to a final concen-
tration of 20% sucrose, 10 mM citrate. The diluted RNA and diluted
NLC solutions were then combined at a 1:1 ratio and quickly mixed
by pipet to form a final 1� RNA concentration complexed in NLC in
a 10% sucrose 5 mM citrate isotonic aqueous solution. The resulting
vaccine solution was allowed to incubate on ice for 30 min to form
stable nanoparticles. For characterization of nanoparticle-loaded
RNA, vaccine samples were diluted to a final RNA concentration of
40 ng/mL in nuclease-free water. For verification of full RNA loading
on the nanoparticles, vaccine samples containing 200 ng of RNAwere
mixed 1:1 by volume with glyoxal load dye (Invitrogen), loaded
directly on a denatured 1% agarose gel, and run at 120 V for
45 min in NorthernMax Gly running buffer (Invitrogen). Millennium
RNA marker (Thermo Fisher Scientific) was included on each gel
with markers at 0.5, 1, 1.5, 2, 2.5, 3, 4, 5, 6, and 9 kb. Gels were imaged
using ethidium bromide protocol on a ChemiDocMP imaging system
(Bio-Rad). Lack of RNA bands being successfully electrophoresed
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indicates full complexing of RNA to the nanoparticles. For verifica-
tion of nanoparticle-loaded RNA integrity, RNA was extracted
from the vaccine complexes by addition of 25:24:1 phenol/chloro-
form/isoamyl alcohol (Invitrogen) 1:1 by volume, vortexing, and
centrifuging at 17,000 � g for 15 min. The supernatant for each sam-
ple was thenmixed 1:1 by volume with glyoxal load dye and incubated
at 50�C for 20 min prior to being loaded onto a 1% agarose gel and
run as described above. For verification of equal protection of
different vaccine RNAs from RNases by the complexes, the diluted
vaccine complexes were incubated with RNase A (Thermo Scientific)
for 30 min at room temperature at amounts ample to completely
degrade un-complexed RNA (ratios of 1:40 RNase/RNA). This treat-
ment was followed by treatment with recombinant Proteinase K
(Thermo Scientific) at a ratio of 1:100 RNase A/Proteinase K for
10 min at 55�C. RNA was then extracted from the challenged samples
and run on a 1% agarose gel as described above.
Transfection and VLP harvest

We tested the ability of the whole-genome CHIK RNAs to success-
fully transfect cells when complexed with NLC and induce cellular
production of VLPs. HEK293T cells were plated in 12-well plates at
a density of 5� 105 cells/well 24 h prior to transfection. Shortly before
transfection, medium was removed from cells and replaced with
450 mL of serum-free Opti-MEM medium (Invitrogen). 500 ng of
NLC-complexed RNA was added into each well in a 50-mL volume,
and cells were incubated at 37�C and 5% CO2 for 4 h to allow for
transfection. After the 4-h incubation, transfection solutions were
removed and replaced with 2 mL of DMEM supplemented with 2%
fetal bovine serum (FBS). Transfected cell supernatants were collected
72 h post-transfection, concentrated by centrifugation through
30,000-Da molecular weight cutoff (MWCO) Amicon Ultra-15 cen-
trifugal filter tubes (Millipore) at 2,000� g for 10–15 min, and finally
ultracentrifuged through a 20% sucrose in PBS cushion (100,000� g,
10�C, 2 h) to pellet cellular-produced VLPs. Pelleted VLPs were resus-
pended in 100 mL of PBS.
Western blotting

Western blots were then conducted on the isolated VLPs. VLP so-
lutions were reduced with NuPage 10� reducing agent and Nu-
PAGE LDS sample buffer (Invitrogen) and denatured by incubation
at 95�C for 10 min before loading on duplicate Novex Wedgewell
4%–20% gradient precast PAGE gels and being run at 120 V in Nu-
PAGE 2-(N-morpholino)ethanesulfonic acid (MES) SDS running
buffer for 1 h. The gels were then transferred to polyvinylidene fluo-
ride (PVDF) membranes using the Invitrogen iBlot semi-dry trans-
fer system with a 6-min transfer step. The membranes were then
blocked overnight in a PBS solution with 5% nonfat dry milk.
The blots were then rinsed and incubated for 2 h in a 1:5,000 dilu-
tion of anti-CHIK envelope protein antibody in 5% nonfat dry milk.
After 3� rinsing in PBS with Tween 20 (PBST), the membranes
were incubated in a 1:200 dilution of goat anti-mouse horseradish
peroxidase (HRP)-conjugated secondary antibody for 1 h. After
4� rinsing in PBST, the membranes were developed using West
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Pico Plus reagents (Thermo Fisher Scientific) and signal was de-
tected on a Bio-Rad Gel Doc XR+ system.

Virus strain growth curves

Infectious CHIKV vaccine virus strains were rescued from full-genome
RNAsby2�passage ofVLP-containing supernates fromRNAvaccine-
transfected HEK293T in Vero cells. CHIKV variant viability and atten-
uation relative to wild-type CHIKVwas measured by infection of Vero
cells followed by time course measurements of supernate viral titers by
plaque assay (infectious particles) and qPCR (viral genomes). Briefly,
medium was removed from 90% confluent monolayers of Vero cells
in 12-well tissue culture plates (approximately 1 � 106 cells), and
100 mL of virus solution was added to achieve an MOI of 0.01. After
1 h of adsorption at 37�C and 5% CO2 with gentle rocking every
20 min, the inoculum was removed. One milliliter of DMEM supple-
mented with 1% FBS was then added. Supernates were harvested
from independent biological triplicate wells at the times indicated
post-infection and frozen in aliquots for later plaque and qPCR assays.

Plaque assays

For quantification of infectious virus particles in infection supernates,
samples were serially diluted in 1:10 dilutions of DMEM supple-
mented with 1% FBS and 2 mM GlutaMAX. Vero cells were plated
18 h prior to assay at a concentration of 5 � 105 cells/well in six-
well tissue culture plates and allowed to formmonolayers. Cell mono-
layers were infected with 200 mL of virus dilution and incubated for
1 h with gentle rocking every 20 min. The virus-containing sample
was then removed, and cell monolayers were overlaid with 2 mL of
DMEM supplemented with 1% FBS, 2 mM GlutaMAX, and 0.6%
melted agar. The plates were cooled until agar solidified and incu-
bated at 37�C, 5% CO2 for approximately 48 h, until plaques ap-
peared. Agar layers were then removed, cells were fixed for 20 min
with a formalin solution, and cell layers were stained with 0.1% crystal
violet in 20% ethanol to visualize plaques.

Viral genome quantification by quantitative reverse

transcriptase PCR

Frozen viral time course supernate samples were thawed and viral
genomic RNA was extracted from samples using QIAamp viral
RNA mini kits (QIAGEN). Carrier RNA (QIAGEN) was added to
each sample to normalize the extraction/reverse transcription process
between samples. Total RNA concentrations were normalized be-
tween samples to obtain 750 ng of total RNA per random hexamer
reverse transcription reaction, conducted using the QuantiTect
reverse transcription kit (QIAGEN). qPCR was then conducted on
1 mL of the resulting cDNA, using the following qPCR primers
from Lanciotti et al.53 that detect a region of the CHIKV NSP4
gene conserved between all virus strains used in this work: forward,
50- TCACTCCCTGTTGGACTTGATAGA-30; reverse, 50-TTGACG
AACAGAGTTAGGAACATACC-30. A standard curve was formed
by serial dilution of NotI-linearized CHIKV 181/25 genomic plasmid
of known concentration spanning the entire dynamic range of sample
concentrations. This standard curve (genomic plasmid copy number
versus CT) was fit with a semi-log line (R2 = 0.993) and used to
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interpolate absolute CHIKV genome copy numbers in the infection
samples. qPCRwas performed with technical duplicates of the biolog-
ical triplicates collected at each time point for each viral variant.

In vivo studies

Female 6- to 8-week old immunocompetent C57BL/6 mice were used
for all vaccine immunogenicity studies (The Jackson Laboratory).
Only female mice were used to maximize statistical power to detect
immunogenicity differences between vaccine variants. Mice were
inoculated with full-genome RNA vaccines at doses of 0.1, 1, or
10 mg of RNA complexed with NLC by i.m. injection of 50 mL of vac-
cine formulation in each rear quadriceps muscle for a total of 100 mL
of vaccine per mouse. Mice were inoculated with mRNA vaccine at
doses of 1 or 5 mg of RNA complexed with NLC by i.m. injection
with the same volume and injection strategy as the full-genome
RNA vaccines. Positive vaccination control mice were inoculated by
subcutaneous (s.c.) footpad injection of 20 mL containing 104 PFU
of CHIKV-181/25 virus. Blood samples were taken at 3, 7, 14, 21,
and 27 days post-vaccination to test for viremia (day 3) and to mea-
sure the development of CHIKV-neutralizing antibody titers (days 7,
14, 21, and 27). Twenty-eight days post-vaccination mice were chal-
lenged with virulent CHIKV-LR (from WRCEVA at UTMB,
TVP20521). For lethal challenge, each mouse was injected i.p. with
2 mg of InVivoMAb anti-mouse IFNAR-1 blocking antibody (clone
MAR1-5A3, Bio X Cell) in a 300-mL volume 18 h prior to s.c. footpad
injection of 80 mL containing 103 PFU/mouse of CHIKV-LR (40 mL/
rear footpad). Lethally challenged mice were monitored daily for
weight loss and signs of disease.

For non-lethal challenge, each mouse was injected with 105 PFU of
CHIKV-LR s.c. into the footpad, and mice were monitored daily
for signs of disease, weight loss, and footpad swelling by measurement
of footpad width (Figure 3, initial vaccine immunogenicity screen) or
footpad width � breadth (Figure 4, detailed lead candidate dosing
and efficacy study). Blood samples were taken from all challenged
mice 2 and 4 days post-challenge by the retro-orbital route to check
for post-challenge viremia. All animal work was carried out in the
IDRI Vivarium under ABSL1, ABSL2, or ABSL3 conditions as appro-
priate under the oversight of the IDRI Institutional Animal Care and
Use Committee (IACUC). All challenged mice were monitored daily
for weight loss and signs of disease. Mice that lost more than 20% of
their pre-challenge weight, or demonstrated lack of mobility, lethargy,
or a hunched back that did not resolve, were humanely euthanized by
CO2 inhalation. All remaining mice were euthanized at the end of the
scheduled study period. All animals were cared for in accordance with
the guidelines of the Committee on the Care and Use of Laboratory
Animals (Institute of Laboratory Animal Resources, National
Research Council).

PRNT assays

Mouse serum samples were tested for the presence of CHIKV-
neutralizing antibody titers by PRNTs. Briefly, mouse sera were
diluted 1:10 in DMEM media, then serially diluted further at 1:2 di-
lutions. Each diluted serum sample was then mixed 1:1 with
CHIKV-181/25 virus at a concentration of �500 PFU/mL and al-
lowed to incubate for 30 min at room temperature to allow for viral
neutralization. 200 mL of the resulting solution was then plated in
six-well plates containing 90% confluent Vero cell monolayers and al-
lowed to incubate for 1 h with gentle rocking every 20 min. Similar to
the plaque assays described above, the virus-containing sample was
then removed, and cell monolayers were overlaid with 2 mL of
DMEM supplemented with 1% FBS, 2 mM GlutaMAX, and 0.6%
melted agar. The plates were cooled until agar solidified, and incu-
bated at 37�C, 5% CO2 for approximately 48 h, until plaques ap-
peared. Agar layers were then removed; cells were fixed for 20 min
with a formamide solution, and cell layers were stained with 0.1%
crystal violet in 20% ethanol to visualize plaques. PRNT80 titers
were calculated as the mouse serum dilution that resulted in neutral-
ization of R80% of the number of CHIKV-181/25 plaques found in
control (non-immunized mouse serum) samples.
Statistical analyses

Statistical analysis was performed using GraphPad Prism software.
Data distribution and variance were evaluated for normality prior
to analyses. All data collected by qPCR, PRNT, or plaque assay
were log-normalized prior to analysis. Two-tailed t tests or one-
parameter ANOVA analyses followed by Dunnett’s multiple compar-
ison test (a = 0.05) were conducted to determine statistical differences
in antibody titers and post-challenge viremia measures between study
groups. Test residuals were checked to confirm data normality.
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