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Mother-to-child transmission is a major route for infections in
newborns. Vaccination inmothers to leverage the maternal im-
mune system is a promising approach to vertically transfer pro-
tective immunity. During infectious disease outbreaks, such as
the 2016 Zika virus (ZIKV) outbreak, rapid availability of vac-
cines can prove critical in reducing widespread disease burden.
The recent successes ofmRNAvaccines support their evaluation
in pregnant animal models to justify their use in neonatal set-
tings. Here we evaluated immunogenicity of self-amplifying
replicon (repRNA) vaccines, delivered with our clinical-stage
LION nanoparticle formulation, in pregnant rabbits using
ZIKV and HIV-1 as model disease targets. We showed that
LION/repRNA vaccines induced robust antigen-specific anti-
body responses in adult pregnant rabbits that passively trans-
ferred to newborn kits in utero. Using a matrixed study design,
we further elucidate the effect of vaccination in kits on the pres-
ence of pre-existing maternal antibodies. Our findings showed
that timing of maternal vaccination is critical in maximizing
in utero antibody transfer, and subsequent vaccination in
newborns maintained elevated antibody levels compared with
no vaccination. Overall, our results support further develop-
ment of the LION/repRNA vaccine platform for maternal and
neonatal settings.

INTRODUCTION
The recent success of mRNA vaccines in response to the COVID-19
pandemic is a catalyst to develop mRNA vaccines targeting other infec-
tious diseases. The safety profile of mRNA vaccines expressing SARS-
CoV-2 spike now extends beyond healthy adults, with the US Food
and Drug Administration authorizing the Pfizer/BioNTech and Mod-
ernamRNA vaccines for children aged 6months and older.1 Moreover,
preliminary findings in pregnant persons showed no obvious detri-
mental safety signals.2 The combined safety and efficacy data justify
evaluation of mRNA-based maternal and pediatric vaccines against vi-
ruses presenting a significant risk of transmission in perinatal settings.

Here we evaluated self-amplifying replicon RNA (repRNA) as a
maternal vaccine in pregnant New Zealand White (NZW) rabbits.
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RepRNA vaccines encode viral replicases that amplify expression of
an encoded gene of interest by 10- to 100-fold over non-replicating
mRNA,3 thus providing dose-sparing and manufacturing advan-
tages.4,5 Two self-amplifying RNA COVID-19 vaccines were recently
evaluated in phase I trials in the United States, both delivered with
lipid nanoparticle (LNP) delivery vehicles.6,7 Arcturus Therapeutics
announced 55% efficacy in preventing symptomatic disease following
two 5-mg doses of their repRNA vaccine encoding the original SARS-
CoV-2 spike in the context of Delta and Omicron variants in circula-
tion.8 In comparison, Moderna’s mRNA-1273 vaccine, which also
encodes the original SARS-CoV-2 spike, provided 44% efficacy
against the Omicron variant with two 100-mg doses.9 In contrast to
LNP formulations, which encapsulate the RNA, we developed a pro-
prietary delivery technology called LION—a 2�C–8�C stable oil-in-
water nanoparticle emulsion, which electrostatically binds and pro-
tects anionic nucleic acids such as repRNA. Upon complexing, the
LION/repRNA complex is stable as a liquid for weeks at 2�C–8�C,
can be stored long-term frozen below �60�C, or can be lyophilized
and stored long term at 2�C–8�C. Moreover, because LION is stored
independent of repRNA it has plug-and-play functionality, allowing
for rapid evaluation of new repRNA vaccine constructs such as those
we recently developed to address emerging SARS-CoV-2 variants.10,11

Our LION/repRNA vaccine targeting SARS-CoV-212 received emer-
gency use authorization in India,13 and is currently in phase I trials
in South Korea, Brazil, and the United States with multiple variants
under investigation.14–16

The ongoing clinical trials with LION/repRNA, and pre-clinical evi-
dence of safety and efficacy, motivated us to evaluate this platform for
maternal vaccination. We evaluated HIV-1 and Zika virus (ZIKV) as
model pathogens because of their significant role in causing infections
in newborns following mother-to-child transmission (MTCT).
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Figure 1. Summary of in vitro transcribed repRNA constructs encoding HIV-1 Env genes and confirmation of protein expression by western blotting

(a) Schematic of the TC-83 replicon structure showing the subgenome encoding the gene of interest (GOI). HIV-1 genes were cloned in the TC-83 subgenome, and repRNA

constructs were synthesized by in vitro transcribed reactions. (b) In vitro transcribed RNA constructs were analyzed by agarose gel electrophoresis to verify molecular weight

and molecule integrity. (c–e) Western blot analyses of cell lysates and supernatants collected from BHK21 cells transfected with synthesized constructs. Gels were labeled

with anti-gp120 human monoclonal antibody (mAb) 2G12, anti-gp41 human mAb 4E10 or anti-HIV-1 rabbit polyclonal against Gag polyprotein. pos., recombinant BG505

SOSIP.664 used as a positive control; neg., repRNA-encoding RFP as a negative control; A + B, co-transfection with constructs A and B. All samples were run on the same

RNA (b) or protein (c–e) gel. Where applicable, black dividing lines are shown to exclude an irrelevant sample run in between constructs C and D.
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The ZIKV outbreak in 2016 had high rates of microcephaly and other
birth defects in newborns delivered by mothers infected during preg-
nancy.17 The rapid spread of ZIKV and uncertainty of future out-
breaks highlights the need to evaluate rapid-response RNA platforms
for use in maternal and pediatric settings.

We previously tested a ZIKV repRNA vaccine encoding the pre-
cursor membrane (prM) and envelope (E) antigens (RNA-
prM/E) in mice and guinea pigs, and demonstrated protection
against ZIKV infection in mice immunized with low-nanogram-
level doses.18 Here, we evaluated RNA-prM/E in pregnant rabbits,
assessing both safe and effective immunization of the mother as
well as maternal transfer of immunity to kits. MTCT is a major
contributor to new HIV-1 infections in infants,19–21 resulting in
an estimated 150,000 new infections in 2020 in children aged
0–9 years.22 To evaluate anti-HIV-1 responses, we screened re-
pRNA constructs expressing various conformations of the
BG505-derived Envelope glycoprotein (Env), including membrane
and soluble trimers. Owing to the immense genetic diversity in
HIV-1 viruses and their Env glycoproteins,23 novel iterations of
engineered Env trimers will likely be needed to provide broad pro-
tection within each HIV-1 subtype. Leading strategies in HIV-1
vaccine development focus on inducing broadly neutralizing anti-
bodies (bnAbs) targeting the viral pre-fusion Env trimer that me-
diates cell entry. Native Env is a membrane-bound trimer of het-
erodimers, each heterodimer consisting of a transmembrane
(gp41) and a surface unit (gp120) associated by weak non-covalent
forces. Subunit vaccines based on engineered Env trimers contain
stabilizing mutations to preserve the native quaternary structure
and optimally present neutralizing epitopes. Soluble trimers
belonging to the “SOSIP” family, such as BG505 SOSIP.664—
currently in phase I clinical trials (NCT03699241)24—contain
trimer-stabilizing cysteine mutations to covalently bridge cleaved
gp120 and truncated gp41 units. Cleavage-independent engineered
trimers, which include the native flexibly linked trimers25 and
uncleaved pre-fusion optimized trimers,26 are likely more
amenable to in vivo expression from nucleic-acid-based vaccines.27

Following immunogenicity-based screening in C57BL/6 mice and
young adult female NZW rabbits, we advanced an repRNA
construct encoding the soluble BG505 SOSIP.664 trimer with a
glycine-serine single-chain flexible linker replacing the furin cleav-
age site (RNA-SOSIP-scfl) to evaluate immunogenicity in pregnant
rabbits. We report vaccine-specific induction of antibody re-
sponses in pregnant does along with significant maternal antibody
transfer to newborn kits. Furthermore, we show that the LION/
repRNA platform can induce vaccine-specific antibody responses
in kits even in the context of pre-existing maternal antibodies
against the same antigen.
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Figure 2. Comparison of anti-gp140 IgG responses

induced by various HIV-1 repRNA constructs in

mouse and rabbit models

Serum anti-gp140 IgG responses in (A) female C57Bl/6

mice (6–8 weeks old; n = 5/group) and (B) young adult

female New Zealand White (NZW) rabbits (approximately

28 weeks old; n = 4/group) after receiving two doses

3 weeks apart. (A) Mice in each group were immunized

by intramuscular injection with 1 mg of LION-formulated

repRNA construct indicated on the vertical axis.

Mice immunized with repRNA expressing Env FL,

BG505 SOSIP.664-scfl, or Gag-IRES-Env were partially

seropositive and advanced to rabbit immunogenicity

study shown in (B). NZW rabbits were immunized by

intramuscular injection with 100 mg or 50 mg of each

candidate repRNA formulated with LION. Serum IgG

responses in mice and rabbits against the BG505

SOSIP.664 gp140 recombinant protein were measured

by ELISA. Individual and mean (SD) endpoint titers are

shown. Mean endpoint titer from each group in (A) was

log10 transformed and compared against the Gag group

by ordinary one-way ANOVA and Dunnett’s multiple

comparisons test. Mean endpoint titer from each group

in (B) was log10 transformed and compared against every other group by ordinary one-way ANOVA and Tukey’s multiple comparisons test. Statistically significant

differences in (A) are only shown for groups with at least one seropositive animal and in (B) only shown for each dose cohort. Summary of p values: * < 0.05; *** < 0.001;

**** < 0.0001.
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RESULTS
Characterization of in vitro transcribed repRNA constructs

expressing HIV-1 Env trimer

The adaptability of mRNA is well suited to address the challenge of
producing an effective HIV-1 vaccine, as diverse antigens with com-
plex conformations can be screened and downselected for evalua-
tion in clinical trials. We synthesized repRNA constructs encoding
distinct conformations of Env derived from the HIV-1 BG505
isolate, a subtype A T/F virus isolated from an infant in a
mother-to-infant-transmission study.28 Figure 1A shows a summary
of synthesized constructs and in vitro confirmation of protein
expression by western blotting. The relevant genes of interest were
cloned into the subgenome (SG) of the TC-83 strain of Venezuelan
equine encephalitis virus, substituting for the alphavirus structural
genes. Construct A encoded a full-length HIV-1 Gag gene (NCBI
reference sequence: NP_057850.1) and was used as a negative con-
trol to measure non-specific responses against Env. Construct B en-
coded the full-length unmodified Env gp160 gene derived from the
BG505 isolate (GenBank: DQ208458.1). Construct C encoded the
sequence of a cleavage-independent BG505 SOSIP.664 gp140 trimer
reported by Georgiev et al.,29 which replaces the R6 furin cleavage
site with a 15-amino-acid single-chain flexible linker (scfl). The
trimer-stabilizing mutations (A501C, T605C, and I559P), a glycan
epitope optimizing substitution (T332N), and deletion of the mem-
brane-proximal external region (MPER) were preserved. The poly-
cistronic constructs D, E, F, and G were designed to co-express
Gag and Env gp160 to further evaluate in vivo expression and secre-
tion of Gag-based virus-like particles (VLPs) displaying Env trimers.
Construct D encoded Gag and Env gp160 genes separated by an in-
ternal ribosomal entry site (IRES) sequence derived from encepha-
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lomyocarditis virus. In construct E, the gene order was switched
compared with construct D, such that the Gag gene was down-
stream of the IRES. Construct F employed an alternative co-expres-
sion strategy, substituting a T2A ribosome skipping peptide
sequence for the IRES in construct D. Lastly, we synthesized
construct G with the aim of enhancing Env incorporation in Gag
VLPs by using the host protein TIP47 (tail-interacting protein of
47 kDa; NCBI reference sequence: NP_005808.3), which has previ-
ously been shown to simultaneously bind with the cytoplasmic and
matrix domains in Env and Gag, respectively. Consequently, overex-
pression of TIP47 was shown to increase Env packaging in HIV-1
virions.30

In vitro transcribed repRNA constructs were characterized by
denaturing gel electrophoresis. Visualization of a dominant single
band near the target size, ranging from �9 kb (construct A) to
�13 kb (construct G), provided a qualitative measure of repRNA
purity and integrity (Figure 1B). Protein expression was confirmed
by western blot analysis of lysate and supernatant obtained from
transfection of BHK-21 cells. Human monoclonal antibodies
2G12 (Figure 1C) and 4E10 (Figure 1D), which bind to neutral-
izing epitopes on gp120 and gp41 subunits, respectively, were
used to confirm Env expression, and polyclonal anti-Gag was
used to confirm Gag expression. To control for non-specific bind-
ing, an repRNA construct expressing red fluorescent protein (RFP)
was used. All constructs encoding full-length Env, solely or in
combination with Gag, were labeled by both 2G12 and 4E10, con-
firming Env expression in cell lysates. As expected, the soluble
BG505 SOSIP.664 scfl gp140 trimer was not detected by 4E10,
which binds to MPER in the gp41 subunit, a region deleted in



Figure 3. Overview of timeline and study design

conducted in pregnant rabbits and newborn kits

(A) Study timeline to evaluate maternal vaccination in

pregnant NZW female rabbits and newborn kits. (B) Ma-

trixed study design showing allocation of kits from each

litter to vaccination group. Numbers in parentheses indi-

cate sample size.
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the stabilized trimer. Secretion of the soluble SOSIP trimer was
confirmed by positive 2G12 labeling in the supernatant. Finally,
detection of a primary band at �55 kDa, corresponding to full-
length Gag polyprotein, confirmed Gag co-expression with Env
in cells transfected with the polycistronic constructs D, E, F,
and G.

Immunogenicity screening in mice and rabbits to downselect

repRNA constructs expressing HIV-1 Env immunogens

To inform downselection of repRNA constructs encoding Env
immunogens, we compared vaccine-induced antibody production
in C57Bl/6 mice (6- to 8-week-old females; n = 5/group). Mice
were immunized by the intramuscular route twice 3 weeks apart
on days 0 and 21 with 1 mg of repRNA complexed to LION formu-
lation. The Gag-expressing repRNA was used to measure non-
specific anti-Env responses in mice. Groups immunized with
repRNA constructs encoding Env-IRES-Gag, Gag-2A-Env, or
Gag-2A-Env-2A-TIP47 were all seronegative for anti-gp140
immunoglobulin G (IgG). Groups immunized with repRNA en-
coding full-length Env (Env FL), BG505 SOSIP.664-scfl, or Gag-
IRES-Env were all partially seropositive with mean (SD) log10
endpoint reciprocal dilution titers of 2.1 (1.3), 2.9 (1.3), and 1.4
(1.1), respectively.

Guided by the immunogenicity data in mice, we advanced Env FL,
BG505 SOSIP.664-scfl, and Gag-IRES-Env to a dose-escalation immu-
nogenicity study in young adult female NZW rabbits. Rabbits were
immunized twice, 3 weeks apart (on days 0 and 21) with 50 mg or
Mo
100 mg of LION-formulated repRNA by intra-
muscular injection. One group received 100 mg
of repRNA encoding Gag to account for non-
specific binding antibody responses arising
from the repRNA non-structural proteins.
Serum anti-gp140 IgG on day 40, approximately
3 weeks after the second immunization, are
shown in Figure 2D. All three candidate repRNA
constructs resulted in dose-dependent increase
in mean endpoint titer. In both 100-mg and
50-mg cohorts, mean titer induced by BG505 SO-
SIP.664-scfl expressing repRNAwas significantly
higher than Env FL or Gag-IRES-Env expressing
repRNA constructs. Furthermore, the mean titer
for the group receiving 100 mg of repRNA encod-
ing BG505 SOSIP.664-scfl was significantly
higher than that for the corresponding 50-mg group (Mann-Whitney
two-tailed p = 0.029). Based on the immunogenicity screening studies
in mice and rabbits, we advanced repRNA encoding the BG505 SO-
SIP.664-scfl trimer at the 100-mg dose for evaluation as a maternal vac-
cine candidate in pregnant rabbits. The Zika repRNA vaccine encoded
ZIKV prM and E antigens, whose selection was based on previously
published reports demonstrating single-dose immunogenicity and ef-
ficacy in several pre-clinical models.18,31

Both RNA-SOSIP-scfl and RNA-prM/E induced robust antigen-

specific antibodies but distinct neutralizing antibody responses

in pregnant rabbits

Next, we characterized antibody responses in pregnant does
immunized with repRNA vaccines encoding HIV-1 or ZIKV anti-
gens. Young adult female NZW rabbits (28 weeks old; n =
5/group) were immunized with 100 mg of repRNA encoding
BG505 SOSIP.664 scfl (RNA-SOSIP-scfl) or ZIKV prM/E (RNA-
prM/E). To compare anti-gp140 responses induced by RNA-
SOSIP-scfl with a subunit protein vaccine, we immunized one
group with recombinant BG505 SOSIP.664 gp140 protein. The
fully cleaved and disulfide stabilized BG505 SOSIP.664 protein is
affinity purified using the 2G12 bnAb and is predominantly
composed of gp140 trimers in the native-like conformation. Rab-
bits in the BG505 SOSIP.664 protein group, hereafter referred to
as Protein-SOSIP, received 30 mg of protein combined with the
MF59-like squalene emulsion adjuvant AddaVax (Invivogen). All
groups were compared with an unvaccinated group receiving a
sterile saline injection.
lecular Therapy Vol. 31 No 4 April 2023 1049
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A B Figure 4. Mean (±SD) (A) weight change in pregnant

rabbits and (B) corresponding litter sizes as a

measure of tolerogenicity. There were no

significant differences in litter sizes between

groups compared by ordinary one-way ANOVA and

Dunnett’s multiple comparisons test.
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As illustrated in the study timeline (Figure 3A), does were mated
1 week after the first immunization and received a booster 4 weeks
later, approximately 2 weeks before delivery. A third immuniza-
tion was administered on week 11 following primary immuniza-
tion, approximately 1 week before kits were weaned. As a prelim-
A B C

Figure 5. Vaccine-induced serum IgG kinetics in NZW female adult rabbits

Rabbits (n = 5 per group) received (A) saline, (B) RNA-prM/E, (C) RNA-SOSIP-scfl-scfl, or (D) Protein-SOSIP. A

repRNA formulated with LION and in the protein group (D) received 50 mg of recombinant BG505-SOSIP.664

AddaVax. Sera were assayed by antigen-specific ELISA to measure binding antibodies against (top panels) BG5

Plotted lines track the binding antibody response of a single animal corresponding to the unique tag number in th

were mated (week 1) and when kits were born (week 6–7). Arrows indicate immunization time points.

1050 Molecular Therapy Vol. 31 No 4 April 2023
inary measure of tolerogenicity, we monitored
mean weight change in pregnant does and re-
corded their litter sizes (Figure 4). There were
no significant differences in percent weight
change or litter size between the unvaccinated
(saline) group and any of the vaccinated
groups. Binding antibody response kinetics
in individual does from each group is shown
in Figure 5. Groups receiving RNA-SOSIP-
scfl or Protein-SOSIP were seropositive for
anti-gp140 IgG, and the group receiving
RNA-prM/E was seropositive for anti-ZIKV
E IgG, confirming induction of vaccine-dependent antigen-specific
antibodies.

Next, we assessed neutralizing antibody levels for the repRNA-based
vaccines. ZIKV neutralizing antibody levels were measured using the
D

nimals in both RNA groups (B and C) received 100 mg of

trimer adjuvanted with the squalene emulsion adjuvant

05 SOSIP.664 gp140 or (bottom panels) ZIKV E protein.

e legend. Gray shaded regions mark periods when rabbits



A B C D

Figure 6. RNA-prM/E induced antigen-specific binding and neutralizing antibody responses in pregnant rabbits

Sera collected on weeks 7 and 13 after primary immunization were assayed for (A and B) anti-ZIKV E IgG responses by ELISA and (C) ZIKV (PRVABC56 isolate) neutralization

by measuring cytopathic effect (CPE) in Vero E6 cells using the xCELLigence system. (D) Correlation plot between binding and neutralizing responses showing Pearson’s

correlation coefficient (r value) and significance of correlation (p value). Mean endpoint titer between RNA-prM/E and RNA-SOSIP-scfl groups was compared using non-

parametric Mann-Whitney test (**p < 0.005).

A

B

Figure 7. Summary of serum HIV-1 antibody responses in pregnant NZW

rabbits on week 7 (3 weeks post second immunization) and week 13

(2 weeks post third immunization)

(A) Individual and mean endpoint binding IgG titers against BG505 SOSIP.664

gp140 were measured by ELISA. (B) Individual and mean neutralizing antibodies

shown as percent neutralization of autologous BG505.T332N pseudovirus in TZM-

bl cells. RNA-SOSIP-scfl and Protein-SOSIP groups were compared using Mann-

Whitney test (*p < 0.05; ns, not significant).
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xCELLigence cellular impedance system and reported as reciprocal
dilution of serum resulting in 50% reduction of ZIKV-induced cyto-
pathic effect (CPE) in Vero E6 cells compared with cells treated with
virus alone. The RNA-prM/E vaccine induced robust binding and
neutralizing antibody responses after the second and third immuniza-
tions (Figures 6A–6C). There was a significant positive correlation be-
tween mean anti-ZIKV E IgG and ZIKV neutralizing antibody titer
on weeks 7 and 13 (Pearson’s r = 0.85; p = 0.002) (Figure 6D).

Contrary to the RNA-prM/E-immunized rabbits, immunizing does
with RNA-SOSIP-scfl resulted in poor neutralizing antibodies.
Mean binding anti-gp140 titer for the RNA-SOSIP-scfl group
trended lower than the Protein-SOSIP group (Figure 7A), but the
difference was not statistically different (Mann-Whitney two-tailed
p values of 0.151 and 0.056 for weeks 7 and 13, respectively). How-
ever, neutralizing antibody response induced by RNA-SOSIP-scfl
was significantly lower than in the Protein-SOSIP group (Figure 7B).
Autologous neutralization was measured as percent inhibition of
BG505.T332N pseudovirus replication in TZM-bl cells at a 1:50
serum dilution. Sera from rabbits immunized with Protein-SOSIP
had detectable neutralizing antibodies on week 7, and significantly
increased levels 2 weeks after the second booster on week 13. In
comparison, only two of five animals in the RNA-SOSIP-scfl group
had neutralizing antibodies on week 13.

In summary, both LION-formulated repRNA vaccines—RNA-
SOSIP-scfl and RNA-prM/E—induced antigen-specific binding anti-
body titers in pregnant rabbits, but only RNA-prM/E-immunized an-
imals showed a significant positive correlation between binding and
neutralizing antibodies.

Maternal antibody transfer is directly proportional to vaccine-

induced immunogenicity during pregnancy in rabbits

Given that mothers could be immunized safely and effectively, we
asked whether vaccine-induced antibodies in pregnant does
passively transferred to newborn kits. Kits were born approxi-
mately 2–3 weeks after does received their second immunization.
At least two kits from each litter were euthanized and their sera
collected to assay for antigen-specific antibodies. Kits delivered
by does receiving RNA-SOSIP-scfl or Protein-SOSIP were nearly
universally (24 of 25 evaluated) seropositive for anti-gp140
Molecular Therapy Vol. 31 No 4 April 2023 1051
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A B

C D

Figure 8. Newborn kits acquired antibodies in utero

from vaccinated does

Individual and mean (±SD) (A) anti-gp140 and (B) anti-

ZIKV E IgG titers in kits near birth showed that passively

acquired antibodies are antigen specific and depend on

the vaccine status of does. In (A), log10 transformed mean

endpoint titers of RNA-SOSIP-scfl and Protein-SOSIP

groups were compared by Mann-Whitney test (*two-

tailed p value <0.05). Mean endpoint titer of each group

in (B) not immunized with a ZIKV E antigen was

compared with the mean IgG titer in the RNA-prM/E

group by ordinary one-way ANOVA and Dunnett’s

multiple comparisons test (****p < 0.0001). Vaccine-

induced (C) anti-gp140 and (D) anti-ZIKV E antibodies

showed strong positive correlation between week-7 IgG

levels in does and corresponding kits at time of birth.
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binding IgG antibodies, while kits from does receiving saline or
RNA-prM/E were all seronegative (Figure 8A). Similarly, the
mean anti-ZIKV E antibody level in kits delivered by does vacci-
nated with RNA-prM/E was significantly higher than all groups
(Figure 8B). There was a significant positive correlation in anti-
gen-specific IgG antibody levels between vaccinated does and their
corresponding litters at time of birth (Figures 8C and 8D,
p < 0.0001). The Pearson correlation coefficient was 0.94 for
RNA-SOSIP-scfl or Protein-SOSIP groups and 0.98 for the
RNA-prM/E group (Figures 8C and 8D). Furthermore, we
observed that kits delivered by pregnant does vaccinated with
RNA-prM/E contained neutralizing antibodies against ZIKV (Fig-
ure 9) and that the level of neutralizing antibodies in newborns
was significantly and directly proportional to the level in corre-
sponding does (neutralizing antibodies against HIV-1 were not
measured). In summary, strong positive correlations in antibody
responses between kits and does at the time of delivery across
both HIV-1 (binding) and ZIKV (binding and neutralizing) vac-
cines indicate that maternal antibodies are likely transferred to
kits in utero.

Vaccination increased antigen-specific antibody responses in

kits regardless of vaccination history in does

We next sought to evaluate vaccine-induced antibody responses in
kits with or without passively acquired antigen-specific maternal an-
tibodies. We implemented a matrixed study design (Figure 3B) by
allocating kits from each litter to receive either saline, RNA-prM/E,
RNA-SOSIP-scfl, or Protein-SOSIP, allowing us to evaluate the effect
of each vaccine in the context of maternal vaccination history. Kits
were immunized approximately 1 week after birth and received two
1052 Molecular Therapy Vol. 31 No 4 April 2023
immunizations, 4 weeks apart, of 50 mg of
LION-formulated repRNA (RNA-SOSIP-scfl
or RNA-prM/E), or 15 mg of Protein-SOSIP or
an equivalent volume of sterile saline. A sum-
mary of antigen-specific serum IgG responses
in kits 4 weeks after booster immunization is
presented in Figure 10. Vaccination with
Protein-SOSIP or RNA-SOSIP-scfl effectively increased anti-gp140
antibodies in kits lacking maternal antibodies—offspring of does
receiving saline—from undetectable levels to a mean log10 endpoint
titer of 4.4 (0.7) and 2.3 (1.1), respectively (Figure 10A). In compar-
ison, vaccination with RNA-prM/E did not produce a significant in-
crease in anti-ZIKVE in kits lackingmaternal antibodies (Figure 10B).
Kits with passively acquired maternal antibodies sustained their mean
antigen-specific antibody titer 4 weeks after receiving the second dose
of an antigen-matched vaccine compared with unmatched vaccine or
saline. For instance, the mean anti-gp140 titer in kits delivered by
Protein-SOSIP vaccinated does and subsequently vaccinated with
Protein-SOSIP or RNA-SOSIP-scfl was 3.8 (0.4) or 2.9 (0.6), respec-
tively, compared with 2.2 (0.3) or 2.4 (0.3) in kits from the same
cohort receiving saline or RNA-prM/E, respectively (Figure 10A).
The trend continued in kits delivered by RNA-SOSIP-scfl vaccinated
does, withmean anti-gp140 titer of 3.8 (0.4) or 2.4 (0.8) after receiving
Protein-SOSIP or RNA-SOSIP-scfl compared with 1.8 (0.8) or 1.4
(0.7) after receiving saline or RNA-prM/E. The mean anti-ZIKV E
titer in kits delivered by RNA-prM/E vaccinated does was also higher
after receiving RNA-prM/E, 3.0 (1.0), compared with receiving saline,
1.6 (0.5), Protein-SOSIP, 1.9 (0.1), or RNA-SOSIP-scfl, 1.9 (0.6).
Finally, there was no statistically significant difference in overall vac-
cine-induced antigen-specific antibody responses between kits from
unvaccinated and vaccinated does regardless of the vaccine delivered
to the kits (Figure 11).

Vaccination maintained elevated antibody levels in kits with

maternal antibodies compared with mock or no vaccination

To assess the waning of passively acquired maternal antibodies in kits,
we calculated the linear rate of decay in mean log10 antibody titer over



A B

Figure 9. Newborns from RNA-prM/E vaccinated does acquired ZIKV

neutralizing antibodies in utero that were directly proportional to

neutralizing antibody levels in does

(A) Sera from newborns collected at time of delivery between weeks 6 and 7 were

assayed for ZIKV (PRVABC56 isolate) neutralization by measuring CPE in Vero E6

cells using the xCELLigence system. Mean serum dilution resulting in 50%

neutralization between indicated groups was log10 transformed and compared by

ordinary one-way ANOVA and Tukey’s multiple comparisons test (****p < 0.0001).

(B) Correlation plot showing Pearson’s correlation coefficient (r value) and signifi-

cance of correlation (p value) between neutralizing responses in does and kits.
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time (log10/week) by least-squares regression analysis (Figure 12).
The mean (SD) serum antibody titer in newborn kits euthanized at
time of birth for each group is shown for reference. Kits were weaned
between 4.5 and 5.5 weeks after birth, highlighted by the gray shaded
region. Maternally acquired anti-ZIKV E antibodies decreased at a
rate of �0.18 log10/week in unimmunized kits, which was similar in
RNA-SOSIP-scfl (�0.16 log10/week) and Protein-SOSIP (�0.17
log10/week) vaccinated kits. In comparison, the mean anti-ZIKV E titer
in kits vaccinated with RNA-prM/E showed no measurable change
over time. We observed a similar trend in kits delivered by RNA-
A B
SOSIP-scfl or Protein-SOSIP vaccinated does. Mean anti-gp140
maternal antibodies in kits delivered by RNA-SOSIP-scfl vaccinated
does and then receiving saline or the unmatched RNA-prM/E vaccine
rapidly waned to the lower limit of detection in approximately 3 weeks
after birth, but two doses of RNA-SOSIP-scfl or Protein-SOSIP
reversed antibody waning, with mean titer increasing at a rate of 0.14
log10/week or 0.37 log10/week, respectively. Maternal antibodies in
both unvaccinated and RNA-prM/E vaccinated kits from Protein-
SOSIP vaccinated does waned at a rate of �0.33 log10/week; in vacci-
nated kits, however, the rate of decay was slower: down to �0.25
log10/week in RNA-SOSIP-scfl and �0.06 log10/week in Protein-
SOSIP vaccinated kits. Taken together, these data show that vaccina-
tion in kits with pre-existing maternal antibodies resulted in prolonged
antibody detection in sera compared with kits receiving mock or no
vaccination.
DISCUSSION
MTCT is a major pathway for infections in newborns. We evaluated
the ability of our repRNA vaccine platform to induce antibody re-
sponses in pregnant NZW rabbits at levels sufficient to allow subse-
quent maternal transfer to newborn kits. Using two distinct model
vaccine targets (HIV-1 and ZIKV), we showed that repRNA immuni-
zation at a relatively high dose (100 mg per immunization) was well
tolerated in pregnant rabbits with no detrimental impact on litter
size compared with the unimmunized group. RepRNA vaccines
were also immunogenic, mounting robust antigen-specific antibody
responses in pregnant does. The magnitude of circulating antibodies
in pregnant does positively and significantly correlated with the
magnitude of serum antibodies in newborn kits delivered approxi-
mately 2 weeks after the second immunization. Antibody kinetics
in pregnant does did, however, indicate that a second booster (third
immunization) resulted in a significant boost in responses. These
data suggest that timing and frequency of immunization could be
adjusted as a means to optimize maternal transfer of antibodies.
Our results demonstrate that maternal vaccination with repRNA vac-
cines can passively transfer neutralizing antibodies to newborns,
Figure 10. Vaccination in kits induced higher mean

antibody titers compared with unvaccinated kits

regardless of doe vaccination status

Antibody responses shown here are from 4 weeks after

booster immunization. Each cohort of newborns delivered

by does in the same group (vertical axis labels) was ran-

domized and received RNA-prM/E, RNA-SOSIP-scfl,

Protein-SOSIP, or saline (boxed legend). Mean (±SD) and

individual endpoint binding IgG titers in kits measured by

ELISA against (A) gp140 and (B) ZIKV E antigens.

Statistical analyses performed on log10 transformed data.

Means of vaccinated and unvaccinated (saline) groups

were compared by two-way ANOVA and Dunnett’s

multiple comparisons test. Only statistical significance is

shown (*p < 0.05, **p < 0.005, ****p < 0.0001).
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responses in the context of pre-existing maternal

antibodies

Serum anti-gp140 IgG endpoint titer in kits 4 weeks after

receiving a booster immunization of (A) RNA-prM/E, (B)

RNA-SOSIP-scfl or (C) Protein-SOSIP vaccine. Kits

birthed from does receiving saline or RNA-prM/E are

grouped together as negative (�) for maternal

antibodies, and those birthed from does receiving RNA-

SOSIP-scfl or Protein-SOSIP are grouped together as

positive (+) for pre-existing maternal antibodies. Data

were log10 transformed and compared by Mann-

Whitney test to measure statistical differences, which

were not statistically significant (ns, p > 0.05).

Molecular Therapy
although protection against infection was not measured in this study.
In a maternal HIV-1 vaccination study in non-human primates, Eu-
dailey et al. showed that passively transferred neutralizing antibodies
from mother to infants were not enough to protect from repeat oral
simian HIV challenges, likely due to rapid waning in passively ac-
quired antibodies.32 Thus, in addition to optimizing maternal vacci-
nation timing to maximize passive antibody transfer, active immuni-
zation in newborns might be needed to maintain overall antibody
response in infants after birth. We evaluated vaccine-induced anti-
body responses in kits in the context of pre-existing maternal
antibodies. Regardless of vaccination status in does, we found that
repRNA vaccines in newborn kits were immunogenic and success-
fully induced antigen-specific antibody responses. Second, our results
demonstrate that vaccinating kits with pre-existing maternal anti-
bodies prevented rapid waning of serum antibody levels relative
to unvaccinated kits, supporting the implementation of both pre-
and post-natal vaccination to effectively transition newborns from
passively acquired to vaccine-induced immunity.

In addition to elucidating strategies for maternal vaccination, this
study highlighted the importance of target-specific optimization of an-
tigens expressed from mRNA vaccines. The ZIKV repRNA vaccine
encoding prM and E proteins elicited robust binding and neutralizing
A B

Figure 12. Vaccination slowed passive waning of maternal antibodies

Mean (±SD) IgG kinetics in kits with maternal antibodies against (A) ZIKV E or (B and C) g

antibody levels measured in euthanized newborn kits are shown to indicate the pre-vacc

each cohort received RNA-prM/E, RNA-SOSIP-scfl, Protein-SOSIP, or saline (labels in
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antibodies in does. On the other hand, only the recombinant protein
(Protein-SOSIP vaccine) version of BG505 SOSIP.664 trimer induced
both binding and autologous neutralizing antibody responses. The
repRNA version of the soluble trimer (RNA-SOSIP-scfl), which re-
placed the furin cleavage site with a single-chain flexible linker,
induced robust binding responses but only two out of five (40%) rab-
bits had detectable levels of autologous neutralizing antibodies in
serum. Unlike ZIKV prM and E proteins, which self-assemble in the
cytosol before budding to mimic ZIKV virions, the complex quater-
nary structure of secreted BG505 SOSIP.664 is achieved in the super-
natant. In vitro expressed BG505 SOSIP.664 timer is affinity purified
using the conformation-specific 2G12 monoclonal bnAb to exclude
a subpopulation of gp140 monomers or uncleaved trimers,24,33 which
is not possible to do for proteins expressed in vivo from mRNA vac-
cines. Expression of native,membrane-boundEnv or engineered outer
domains (eODs) anchored to protein nanoparticles may bemore suit-
able for in vivo expression by nucleic acid vaccines. Curiously, few pre-
vious studies of mRNA-based HIV-1 vaccines reported neutralizing
antibody responses. Aldon et al. evaluated polyethyleneimine-formu-
lated self-amplifying RNA, comparing immunogenicity of soluble and
membrane-bound Env trimer in mice, guinea pigs, rabbits, and non-
human primates, but did not report neutralizing antibody responses.34

Melo et al. used an LNP-formulated self-amplifying RNA vaccine
C

p140. Lines show fits by least-squares regression analysis. Mean (±SD) pre-existing

ination antibody levels in each cohort of kits. Data arrows indicate weeks when kits in

legend). Vertical shaded regions indicate time frame when kits were weaned.
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expressing eOD-GT8—a nanoparticle protein displaying the engi-
neered outer domain of Env—and, although they did not report
neutralizing antibody responses, they showed robust germinal center
formation due to sustained antigen expression in draining lymph no-
des.35 More recently, Zhang et al. demonstrated induction of neutral-
ization antibody responses with LNP-formulated mRNA encoding
membrane-bound Env.36 Based on results presented here and previ-
ously published reports, we are evaluating both humoral and cellular
responses induced by membrane and nanoparticle anchored Env tri-
mers delivered with our LION/repRNA platform.

Conclusions

We demonstrate the potential of our LION-formulated repRNA plat-
form for maternal and neonatal vaccination in a rabbit model. LION
is a mature cationic emulsion delivery technology in different phases
of clinical evaluation across multiple countries as a component within
repRNA SARS-CoV-2 vaccines. There is a scarcity in immunoge-
nicity and safety evaluation of RNA-based vaccines in pregnant ani-
mal models to support clinical development of next-generation RNA
vaccines against pathogens of high MTCT risk. Using ZIKV and
HIV-1 as model pathogens needing maternal vaccination to protect
against MTCT, we demonstrated robust induction of antibody re-
sponses in pregnant rabbits, in utero transfer of maternal antibodies
to newborn kits, and successful induction of vaccine-induce immuno-
genicity in kits regardless of vaccination history in mothers. Our
study also highlights the importance of timing in vaccination of preg-
nant mothers to maximize vertical transfer of immunity. Additional
studies are required to determine if RNA-based maternal vaccines
can afford protection against infection by MTCT to newborns.

MATERIALS AND METHODS
RNA production and qualification

DNA plasmid templates were linearized by restriction digest using
Not-I enzyme (NEB) and purified by phenol-chloroform extraction
followed by sodium acetate precipitation. RNA was transcribed using
recombinantly produced T7 polymerase, pyrophosphatase, RNAse in-
hibitor, DNAse enzymes (Aldevron), and reaction buffer. RNA was
subsequently capped with Vaccinia virus capping enzyme (Aldevron)
using guanosine triphosphate and S-adenosyl-methionine (New En-
gland Biolabs) to add a cap-0 structure. RNA was purified using LiCl
precipitation and quantified by nanodropmeasurement. RNA integrity
and size were confirmed using denaturing gel electrophoresis.

Transfections and western blots

Three micrograms of each RNA construct were complexed using Lip-
ofectamine 2000 (Invitrogen) per manufacturer’s instructions and
added to 6-well tissue culture plates. BHK-21 cells were then added
to each well, and cells and supernatants were harvested 24 h post
transfection. Supernatants containing Gag VLPs were concentrated
using ultracentrifugation through 20% sucrose cushions at 100,000
RCF followed by resuspension in PBS. Cell lysates, supernatants,
and concentrated Gag VLPs were separated on denaturing SDS-
PAGE gels (Invitrogen) under reducing and non-reducing conditions
followed by immunoblotting using anti-gp120 (2G12 from Polymun
Scientific), anti-gp41 (4E10). The following reagents were obtained
through the NIH HIV Reagent Program, Division of AIDS, NIAID,
NIH: anti-human immunodeficiency virus (HIV)-1 gp41 monoclonal
antibody (4E10), ARP-10091 (contributed by DAIDS/NIAID), or an
anti-Gag (cat. #ab63917 from Abcam) antibody.

Animals and husbandry

A total of 35 female 6- to 8-week-old C57Bl/6 mice (Charles River Lab-
oratories) were used for the immunogenicity screening study and were
maintained in specific pathogen-free conditions. For the dose-response
rabbit immunogenicity study, a total of 28 (�8–9 months old) and for
the maternal vaccine study, a total of 20 young adult female (approxi-
mately 28 weeks of age and 3.0–4.0 kg) and six proven-breeder male
NZW rabbits (HsdHra:(NZW) SPF) were purchased from Envigo
Global Services (Denver, PA). Rabbits were singly housed in standard,
commercially available, non-ventilated rabbit racks (EuroCage; Allen-
town, Allentown, NJ, USA). The doe with litter was maintained in the
double cage unit until the time of weaning (approximately 7 weeks of
age). Males were only used for breeding purposes. All procedures for
the care and use of mice were approved by Infectious Disease Research
Institute’s Institutional Animal Care and Use Committee (IACUC). All
procedures for the care and use of rabbits were approved by Duke Uni-
versity’s IACUC.

LION formulation

LION is HDT Bio’s cationic oil-in-water nanoparticle emulsion opti-
mized for intramuscular delivery of nucleic acids. The average hydrody-
namic size and zeta potential (Figure 13) is 60 nm (intensity-weighted
Z-average diameter) and +50 mV (1:100 dilution in unbuffered
Milli-Qwater), respectively. Aftermixingwith repRNA, particle size in-
creases and zeta potential decreases, indicating the formation of LION/
repRNA complexes driven by electrostatic interaction between the
quaternary ammonium cations of DOTAP on the surface of LION
nanoparticles and phosphate anions in the repRNA backbone. Electro-
phoresis of the LION/repRNA complex in a 1% agarose gel shows that
repRNA is completely bound to LION, with no free repRNA
detected. Bound repRNA was observed migrating to the cathode
(negative electrode) due to the net positive charge of the complex.More-
over, LION protected repRNA from RNase-catalyzed hydrolysis,
as shown in Figure 13C, as the complex structure likely creates a
steric barrier that inhibits RNases from binding with repRNA. The
manufacturing process of LION has been detailed previously;12 in brief,
it involves iterative passaging an oil-in-water suspension containing
squalene, the cationic lipid DOTAP chloride, and non-ionic surfactants
sorbitan monostearate and polysorbate 80 through a high-pressure
microfluidizer (Microfluidics M110P) equipped with a 75-mm Y-type
diamond interaction chamber until the target hydrodynamic diameter
is achieved. The final bulk LION nanoemulsion was aseptically filtered
using a sterile 0.2-mm media filter unit (Nalgene) and stored at
2�C–8�C.

Immunizations

RNA vaccines were formulated with LION at a nitrogen/phosphate
(N:P) molar ratio of 15. In brief, repRNA and LION were diluted
Molecular Therapy Vol. 31 No 4 April 2023 1055
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A B C Figure 13. Physicochemical characteristics of

LION formulation and LION/repRNA complexed

vaccine

Mean (±SD) (A) z-average particle size and (B) zeta po-

tential characteristics before and after mixing LION and

repRNA to form LION/repRNA complex at N:P ratio of

15. (C) Denaturing agarose gel electrophoresis was

performed to assess binding of repRNA with LION,

shown in lane labeled “LION�/repRNA complex (no

PC),” where PC denotes phenol-chloroform extraction.

As observed, no free repRNA was detected, and

bound repRNA migrated toward the negatively

charged electrode due to the net positive charge of

the LION/repRNA complex. Also shown is the role of

LION in repRNA protection against RNase-catalyzed

hydrolysis. Naked (unformulated) repRNA or LION/

repRNA complex was incubated in nuclease-free

water (�) or RNases (+), followed by proteinase K inhibition and extraction with phenol-chloroform (PC). Compared with naked repRNA, LION-formulated repRNA

was protected from RNases. All samples were run on the same gel.
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separately to 2� target dose in nuclease-free water or 20% sucrose/
10 mM sodium citrate (pH 6.0) buffer, respectively, and combined
1:1 by volume. The mixed vaccine was allowed to equilibrate at least
30 min on ice before injection. The BG505 SOSIP.664 protein was
donated by the Trimer production core at Cornell and at a stock
1 mg/mL concentration. Prior to injection, the protein was diluted
to 120 ng/mL in 2� PBS and then mixed with an equal volume of
AddaVax adjuvant (cat. #vac-adx-10 from Invivogen) resulting in
60 ng/mL final protein concentration. Mice were immunized by intra-
muscular injection of 50 mL of vaccine in the thigh. Adult female rab-
bits were immunized via the intramuscular route. Each rabbit
received four intramuscular injections of 125 mL (500 mL in total),
two in each quadriceps muscle. Kits were immunized starting at
approximately 1 week of age onward and because of their smaller
size, a total of two intramuscular injections of 125 mL, one in each
quadriceps muscle, were administered.

Breeding

Adult female rabbits were bred by live cover. In brief, does were
placed in the male’s cage and after visualization of a successful
mounting noted by the male falling over, the doe was returned to
her cage. Males were limited to breeding 10–12 does per week and
received at least two rest days per week.

Blood collection

Blood was collected from the retro-orbital sinus of immunized mice.
For rabbits, adult females were sedated with acepromazine (1–2 mg/
kg) delivered intramuscularly, and an analgesic cream (lidocaine 2.5%
and prilocaine 2.5% cream) was applied topically over the central ear
arteries prior to blood collection from this vessel. Owing to the small
size, the lateral saphenous vein was also used as a collection site for the
rabbit kits while under isoflurane-induced anesthesia. Terminal,
intracardiac blood collection while under deep anesthesia with keta-
mine and xylazine (ketamine: 30–40 mg/kg + xylazine: 3–5 mg/kg,
intramuscularly) was also performed on kits at the time of euthanasia.
Blood was collected in serum separator tubes and spun for serum
1056 Molecular Therapy Vol. 31 No 4 April 2023
isolation per manufacturer’s recommendation. Serum was then
stored at �20�C until further analyses.

Euthanasia

In accordance with the 2020 AVMA Guidelines for the Euthanasia of
Animals, rabbits were fully anesthetized with a dose of ketamine and
xylazine (ketamine: 30–40 mg/kg + xylazine: 3–5 mg/kg, intramuscu-
larly) prior to euthanasia with an overdose of Euthasol (pentobarbital
sodium and phenytoin sodium administered via intracardiac or intra-
peritoneal routes in small kits; at least 1 mL per 2 kg).

Enzyme-linked immunosorbent assay

Antigen-specific antibody responses were measured using ELISA. In
brief, Corning high-binding 384-well plates were coated with 2 mg/mL
of either BG505 SOSIP.664 protein (donated by the Trimer Core at
Weill Cornell Medicine) or ZIKV E protein (Meridian Life Science)
diluted in PBS to measure HIV- and ZIKV-specific antibodies,
respectively. Plates were blocked with PBS + 0.05% Tween 20 + 2%
non-fat dry milk +1% goat serum prior to the addition of an eight-
point 5-fold series of serum dilutions made in assay buffer (PBS +
0.05% Tween 20 + 1% non-fat dry milk +1% goat serum) starting
with a 1:50 dilution. Goat anti-rabbit IgG-horseradish peroxidase sec-
ondary antibody (Southern Biotech #4030-05) was added at a
1:16,000 dilution in assay buffer, and plates were developed with
SureBlue TMB peroxidase substrate (Seracare) followed by quenching
with TMB Stop Solution (Seracare). Optical density at each dilution
was measured at 405 nm and fit to a four-parameter logistic regres-
sion model using GraphPad Prism software. Endpoint reciprocal
dilution titers were calculated from the best-fit parameters by interpo-
lating the x value (dilution) at y value (absorption cutoff) 3 standard
deviations above media background.

HIV pseudovirus neutralization assay

HIV-1 pseudovirus assays were performed with BG505 as described
previously (PMID: 32470041). TZM-bl cells (expressing CD4 and
CCR5, obtained from the NIH AIDS Reagent Program) were
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maintained in DMEM complete (Gibco) supplemented with 10% fetal
bovine serum, 2 mM L-glutamine, 100 U/mL penicillin, and
100 mg/mL streptomycin. Cells were plated at a density of 4,000 cells
per well 24 h prior to addition of virus and plasma. Heat-inactivated
plasma was tested at a dilution of 1:50 in a total volume of 60 mL per
well in triplicate wells. Pre-bleed plasma was used as an entry control
to account for serum-associated background. Equal volume of diluted
BG505 pseudovirus (in the NL4-3.Luc.RE backbone) was added to
diluted plasma and incubated at 37�C for 1.5 h. Prior to the addition
of the plasma/virus mixture, cells were treated at 37�C with 2 mg/mL
polybrene for 30min. The polybrene was then aspirated from the cells
and replaced with 100 mL of plasma-pseudovirus mixture. Plates were
incubated at 37�C for 72 h, medium was aspirated, and cells were
lysed to measure luciferase activity using Steady-Glo Luciferase Re-
agent (Promega, Madison, WI). The percent neutralization at 1:50
was determined as [(RLUpre � RLUpost)/RLUpre] � 100, where
RLUpre is the average RLU for pre-bleed plasma and RLUpost is the
average RLU for immune samples.

ZIKV neutralization assay

To quantify ZIKV neutralizing antibody responses in animal sera, we
used a real-time cell analysis platform (xCELLigence; Agilent) that
monitors changes to monolayers of cells, such as virus-induced cyto-
pathic effect. After recording a background reading of cell-culture
medium in a 96-well E-plate (Agilent), Vero cells were seeded in
each well and the plate returned to the plate reader with impedance
measurements recorded every 15 min. The next day, serial dilutions
of heat-inactivated sera were incubated with ZIKV (PRVABC56
isolate from BEI Resources) and added to the E-plate of Vero cells
along with naive-serum and medium-only controls. Measurements
were recorded every 15 min for 72–84 h, and percent neutralization
was calculated based on areas under the impedance curves, normal-
ized to the media-only control with background subtraction based
on the naive-serum controls.
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