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Self-amplifying mRNA (saRNA) represents a promising plat-
form for nucleic acid delivery of vaccine immunogens. Unlike
plasmid DNA, saRNA does not require entry into the nucleus
of target cells for expression, having the capacity to drive higher
protein expression compared to mRNA as it replicates within
the cytoplasm. In this study, we examined the potential of sta-
bilized native-like HIV-1 Envelope glycoprotein (Env) trimers
to elicit immune responses when delivered by saRNA poly-
plexes (PLXs), assembled with linear polyethylenimine. We
showed that Venezuelan equine encephalitis virus (VEEV)
saRNA induces a stronger humoral immune response to the en-
coded transgene compared to Semliki Forest virus saRNA.
Moreover, we characterized the immunogenicity of the soluble
and membrane-bound ConSOSL.UFO Env design in mice and
showed a faster humoral kinetic and an immunoglobulin G
(IgG)2a skew using a membrane-bound design. The immune
response generated by PLX VEEV saRNA encoding the mem-
brane-bound Env was then evaluated in larger animal models
including macaques, in which low doses induced high IgG re-
sponses. Our data demonstrated that the VEEV saRNA PLX
nanoparticle formulation represents a suitable platform for
the delivery of stabilized HIV-1 Env and has the potential to
be used in a variety of vaccine regimens.

INTRODUCTION
To date, many commercially available vaccines rely on products grown
in cell culture or are from animal origin (e.g., chicken eggs for flu vac-
cines).1,2 The production methods involved are often complex,
requiring numerous purification and control steps to ensure the safety,
quality, and stability of the vaccine products.3,4 These diverse produc-
tion and control processes impede rapid manufacture and testing of
new vaccine immunogens. In contrast to classic vaccines, nucleic
acid-based vaccines represent promising modalities, as DNA and
RNA can be quickly manufactured and are versatile platforms that
can be quickly and easily adapted to emerging pathogens by substitu-
tion of the encoded gene(s) of interest (GOI). However, to date DNA
vaccines have only induced modest humoral immunity in humans,
mostly due to limited delivery efficiency into the nucleus.5–7 In this
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regard, messenger RNA (mRNA) represents a promising alternative
to DNA vaccines, with the major advantage that mRNA only needs
to be delivered to the cytosol of target cells, where it will be directly
translated intoprotein. In addition, recent developments inmRNAmo-
lecular engineering have greatly improved mRNA stability in vitro and
in vivo, with various products now in early-stage human clinical trials
and two products recently approved for SARS-CoV-2 vaccination.8–10

Self-amplifying mRNA (saRNA or replicon) represents a promising
mRNA vaccine strategy, developed to support high and longer-term
expression of the GOI in contrast to non-replicating mRNA platforms,
which cannot self-replicate to amplify the mRNA pool available for
translation.11 saRNAs are derived from single-stranded RNA viruses
such as alphaviruses from which the structural genes have been
removed from the genome and replaced by aGOI.12 The non-structural
protein genes coding for the replication machinery (replicase) are re-
tained and amplify the number of saRNA copies within the cytoplasm,
which are then translated by the cellular machinery.

Importantly, RNA vaccines such as mRNA or saRNA are synthetic
productsmanufactured through enzymatic reactions where cell culture
is not required, thereby increasing safety and ease of manufacture.13

Because of this efficient enzymatic production methodology, high
numbers of RNA vaccine doses can be produced quickly.14 Like the
parental alphaviruses, saRNA vaccines generate single- and double-
stranded RNA molecules within the cytoplasm during the replication
cycle, each of which possesses self-adjuvanting properties by stimu-
lating the innate immune system, a significant advantage over plasmid
DNA vaccine delivery and molecular adjuvantation.15–22

Early saRNA delivery strategies used virus-like replicon particles
(VRPs) that resemble alphaviruses and are produced by
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co-transfecting cells with saRNA and helper RNA molecules express-
ing structural proteins, allowing budding of VRPs containing saRNA
and displaying surface viral glycoproteins.23–25 These VRPs are
single-cycle alphaviruses that are replication defective because of exclu-
sion of the structural protein genes from the packaged saRNA. A num-
ber of studies previously evaluated VRPs as well as DNA-launched
saRNA for the delivery of Semliki Forest virus (SFV)- or Venezuelan
equine encephalitis virus (VEEV)-based saRNA expressing gp160,
truncated gp160, or soluble gp140 HIV-1 Envelope glycoprotein
(Env) immunogens derived from various isolates (e.g., HXB2, BH10,
CN54, SF162).26–30 Although these studies showed that VRPs induced
potent immune responses against the encoded immunogens, anti-vec-
tor neutralizing immunity was also observed against VRPs.23,31,32

Therefore, efforts to create delivery systems that bypass VRP packaging
while ensuring saRNA integrity led to the development of delivery ve-
hicles such as lipid nanoparticles (LNPs) and cationic nanoemul-
sions.11,33–37 More recently, an saRNA polyplex (PLX) nanoparticle
formulation on the basis of the cationic linear polymer polyethyleni-
mine (PEI) was developed by BioNTech, which proved to be effective
at delivering saRNA. Using a similar approach, recent reports showed
that robust immune responses were elicited against HIV-1 T cell and
Influenza hemagglutinin (HA) immunogens.38,39 In the present
work, we evaluated the potential of VEEV saRNA encoding HIV-1
Env trimers in PLX formulations to induce potent immune responses
in BALB/c mice and compared it to unformulated saRNA and SFV
saRNA.

Although nucleic acid platforms are attractive vaccine strategies, the
expression of the GOI relies on the target cell machinery. Thus, in vivo
expression of the GOI prevents downstream selection for appropriately
processed and folded immunogens. Therefore, immunogens such as
HIV-1 Env require engineering to stabilize their structure and limit
the need for specific cellular processes such as furin cleavage.40–42 In or-
der to bring Env trimers to nucleic acid platforms, we and others have
developed native-like Env trimers that do not require furin processing
andareproperly folded andhighly stable.40,41,43,44 In this study,we eval-
uated saRNA PLX nanoparticles for delivery of our HIV-1 Env
ConSOSL.UFO design that produces non-cleavable native-like Env tri-
mers.43 We compared the immune response induced by two forms of
this design, one producing soluble Env trimers (ConSOSL.UFO.664)
and one producing membrane-bound Env trimers (ConSO-
SL.UFO.750). The impact of the time interval between the prime and
boost immunizations on the immune response was also investigated.
Finally, as guinea pigs, rabbits, and macaques are critical pre-clinical
models for the evaluation of vaccine strategies against HIV-1, we as-
sessed the response induced in these animals using polymer formulated
VEEV saRNA expressing ConSOSL.UFO.750 and demonstrated the
potential of this delivery platform to induce strong humoral responses.

RESULTS
Polymer formulated VEEV-based saRNA induces high HIV-Env-

specific humoral responses in mice

As the intramuscular route is the preferred route used to administer
vaccines, we evaluated the saRNA vaccine platform referred to as
484 Molecular Therapy: Nucleic Acids Vol. 25 September 2021
Amplified Immune Response (A.I.R), allowing rapid production
and effective delivery of saRNA, in in vivo studies. The VEEV-based
saRNA was formulated as PLX nanoparticles from linear PEI with an
optimized protocol.38,39 Hereafter, the complexed saRNA is referred
to as PLX A.I.R saRNA. To evaluate the performance of PLX A.I.R
saRNA for in vivo expression of Env immunogens, we analyzed the
immune responses induced by PLX A.I.R/VEEV saRNA in mice
through intramuscular injections and compared these to animals
immunized with unformulated A.I.R/VEEV saRNA, all expressing
the soluble Env ConSOSL.UFO.664 immunogen. A control group
was included with mice immunized with a SFV-based saRNA
expressing the HA antigen derived from Influenza virus H1N1
A/California/7/2009 strain (Cf7-HA), as this saRNA previously
demonstrated its ability to induce high responses against HA in
BALB/c mice.39

We immunized groups of BALB/c mice 3 times at 3 week intervals,
collected serum samples at each immunization time point, and pro-
ceeded to euthanasia at week 8 to assess the cellular response from
the systemic compartment (Figure 1A). Four groups received PLX
A.I.R/VEEV-gp140—expressing ConSOSL.UFO.664—with incre-
mental saRNA doses: 0.01, 0.1, 1, or 10 mg in the same injection vol-
ume. One group was injected with unformulated A.I.R/VEEV-gp140,
and an additional group received a 1 mg saRNA dose of PLX A.I.R/
SFV-H1N1/Cf7-HA. Analysis of the serum antigen-specific immuno-
globulin G (IgG) response by ELISA showed that a minimum of 1 mg
of PLX A.I.R/VEEV-gp140 was necessary to induce consistent anti-
Env IgG responses after 2 injections, whereas doses < 1 mg failed to
induce relevant IgG responses (Figure 1B). In addition, the 10 mg
dose of PLX A.I.R/VEEV-gp140 presented significantly higher IgG ti-
ters by week 6 compared to the 1 mg dose, with a mean anti-Env IgG
titer of 91 and 12 mg/mL, respectively (p = 0.0159). This enhanced
titer compared to the 1 mg dose was maintained after the third injec-
tion (p = 0.0079). Interestingly, the second injection only marginally
boosted antigen-specific IgG titer for either Env or H1N1/Cf7-HA.
Importantly, the unformulated A.I.R/VEEV-gp140 induced signifi-
cantly lower humoral responses compared to PLX A.I.R/VEEV-
gp140, with on average <1 mg/mL anti-Env IgG titer after 3 immuni-
zations. In addition, we observed that PLX A.I.R/SFV-H1N1/Cf7-HA
induced quicker and higher responses than PLX A.I.R/VEEV-gp140
for the same dose, and therefore the SFV platform should be evaluated
for HIV-1 Env immunogens. We also measured the Env-specific IgG
content in the vaginal fluid at the final time point as a marker of
mucosal response. Anti-Env IgG was detected in the highest dose
group for PLX A.I.R/VEEV-gp140, likely reflecting the serum IgG
titer, as similar levels of vaginal antigen-specific IgG were measured
for the PLX A.I.R/SFV-H1N1/Cf7-HA group (Figure 1C). Altogether,
these results demonstrate that the linear PEI formulated saRNA was
more immunogenic than unformulated saRNA and that anti-Env
humoral responses were induced by PLX A.I.R/VEEV-gp140 in a
dose-dependent manner.

Although there were no or very low anti-Env IgG titers for PLX A.I.R/
VEEV-gp140 in the 0.01 and 0.1 mg groups, detectable cellular



Figure 1. Polymer formulated VEEV-based saRNA induces a high antigen-

specific humoral response

Groups of n = 5BALB/cmicewere immunized 3 times 3weeks apart with escalating

doses of polymer formulated (PLX) VEEV-based saRNA encoding the Con-

SOSL.UFO.664 gp140 protein (PLX A.I.R/VEEV-gp140) and compared to unfor-

mulated VEEV-gp140. A PLX SFV-based saRNA encoding H1N1/Cf7-HA (PLX

A.I.R/SFV-H1N1/Cf7-HA) was included as a positive control group. (A) The immu-

nization schedule is depicted. (B) The specific IgG titers against H1N1/Cf7-HA and

ConSOSL.UFO.664 were determined by ELISA. The RNA dose used for each group

of animals is indicated under the x axis. For clarity, only p values corresponding to

the last time point are indicated. (C) HA- and gp140-specific IFN-g ELISpots are

reported as spleen forming units (SFU)/106 splenocytes. ELISpots were performed

at week 8 after euthanasia. (D) The antigen-specific vaginal IgG was determined by

ELISA. (C and D) Box and whiskers, with median, min-max, and 25th–75th

percentile. Mann-Whitney unpaired t test, p values: *<0.05, **<0.01.
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responses were generated (Figure 1C). Interestingly, the antigen-spe-
cific spot forming units (SFU) for these two groups were comparable
to the 10 mg group. In contrast, the 1 mg dose group appeared to
induce the highest cellular response, with an average of 366 SFU/
106 splenocytes compared to 26 for the 0.01 mg group (p = 0.0159),
53 for the 0.1 mg group (p = 0.0952), and 65 for the 10 mg group
(p = 0.0952). These data suggest a different dose relationship for
the induction of cellular and humoral responses. Importantly, unfor-
mulated A.I.R/VEEV-gp140 failed to induce cellular interferon
(IFN)-g responses, and this was strongly significant compared to
the PLX A.I.R/VEEV-gp140 1 mg and 10 mg groups (p < 0.01). These
results further support the conclusion that the polymer vehicle en-
hances the delivery and expression of saRNA into target cells and fos-
ters high antigen-specific humoral and cellular responses in mice.

VEEV-based saRNA induces higher anti-HIV Env responses than

SFV-based saRNA

As the SFV saRNA expressing HA induced higher IgG titers at a lower
dose in comparison to anti-HIV Env IgG titers using VEEV saRNA,
we assessed whether the SFV-based saRNA could induce higher anti-
HIV-Env immune responses. To this aim, we immunized groups of
BALB/c mice 3 times 3 weeks apart with either PLX A.I.R/VEEV-
gp140 or PLX A.I.R/SFV-gp140 with increasing doses of saRNA:
0.1 mg, 1 mg, or 10 mg (Figure 2A). For the 3 doses tested, the PLX
A.I.R/VEEV-gp140 saRNA induced significantly higher levels of
Env-specific IgG compared to the SFV-based saRNA (Figure 2B).
Although PLX A.I.R/VEEV-gp140 efficiently mounted an anti-Env
IgG response after 2 injections for the lowest doses, PLX A.I.R/
SFV-gp140 did not induce consistent responses with the 0.1 mg or
1 mg dose. For the PLX A.I.R/SFV-gp140 1 mg group, a fair level of
anti-Env response was only observed after the third immunization,
with a median titer of 7.2 mg/mL, and this was significantly lower
than the equivalent dose of VEEV-based saRNA (p = 0.0159). In addi-
tion, by week 9 the PLX A.I.R/VEEV-gp140 10 mg group reached a
median Env-specific IgG titer of 100 mg/mL, which was �15-fold
higher than the corresponding SFV group with a median titer of
6.1 mg/mL (p = 0.0079).

We further characterized the antibody response and determined anti-
Env IgG1 and IgG2a titers, as these can be used as a surrogate to assess
the type of T helper (Th1 or Th2) response induced by the vaccine us-
ing the IgG2a-to-IgG1 ratio.45 By the end of the vaccination schedule,
both SFV- and VEEV-based saRNA appeared to prompt IgG1 and
IgG2a responses similar to Env as shown by the IgG2a-to-IgG1 ratios
(Figure 2C; Figures S1A and S1B). We observed a trend toward an
IgG1 bias for the 0.1 and 1 mg doses and a more balanced response
for the 10 mg dose. In marked contrast, the anti-HA response ap-
peared biased toward IgG2a, consistent with Vogel et al.39 We then
assessed the Env-specific IgG in the vaginal fluid and detected the
highest levels in the PLX A.I.R/VEEV-gp140 10 mg group, whereas
only limited amounts of specific IgG were detected in the SFV saRNA
groups (Figure S1C). Altogether, these results demonstrated that the
VEEV-based saRNA outperformed the SFV-based saRNA at
inducing high levels of anti-Env specific IgG. Furthermore, our results
seemed to indicate that the polarization of the antigen-specific IgG
isotype response is primarily antigen dependent rather than driven
by the genetics of the alphavirus from which the saRNA is derived.

Next, we assessed the antigen-specific cellular IFN-g response by
enzyme-linked immunosorbent spot (ELISpot). The response
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Figure 3. Impact of the time interval between prime and boosting

(A) Two groups of n = 10 BALB/c mice were primed with 1 mg RNA dose of PLX

A.I.R/VEEV-gp140 and assigned to immunization schedule 1 (Sch. 1) or schedule 2

(Sch. 2). In schedule 1, 5 mice were euthanized at week 3 (cull 1) and 5 mice were

boosted at week 3 and then euthanized at week 5 (cull 2). In schedule 2, 5micewere

euthanized at week 6 (cull 1) and 5 mice were boosted at week 6 and then

euthanized at week 5 (cull 2). (B) Antigen-specific IgG titers as determined by ELISA.

(C) gp140-specific IFN-g ELISpots were performed after each euthanasia time point

and are reported as spleen forming units (SFU)/106 splenocytes. Box and whiskers,

with median, min-max, and 25th–75th percentile. Mann-Whitney unpaired t test,

p values: *<0.05, **<0.01, ***<0.001.

Figure 2. The VEEV-based saRNA induces higher immune responses

against gp140 than SFV-based saRNA

Groups of n = 5BALB/cmicewere immunized 3 times 3weeks apart with escalating

doses of polymer formulated (PLX) VEEV-based saRNA encoding the Con-

SOSL.UFO.664 gp140 protein (PLX A.I.R/VEEV-gp140) and compared to a SFV-

based saRNA platform (PLX A.I.R/SFV-gp140). A PLX A.I.R/SFV-H1N1/Cf7-HA

was included as a positive control group. (A) The immunization schedule is depicted.

(B) Antigen-specific IgG titers as determined by ELISA. (C) The HA-specific and

gp140-specific IgG1 and IgG2a were measured by ELISA, and the IgG2a-to-IgG1

ratios at week 9 are reported here. For each animal, when both specific IgG2a and

IgG1 titers were <500 ng/mL, the ratio was not determined. (D) Week 9 HA- and

gp140-specific IFN-g ELISpots reported as spleen forming units (SFU)/106 sple-

nocytes. For (B), the indicated p values compare VEEV to SFV for each week and

each specific RNA dose. In (D), p values indicated by arrows compare VEEV to SFV

for each week and each specific RNA dose. (B–D) Box and whiskers with median,

min-max, and 25th–75th percentile. Mann-Whitney unpaired t test, p values: *<0.05,

**<0.01, and f<0.05. Also see Figure S1.
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proved to be significantly higher (p < 0.05) in animals immunized
with 0.1 and 1 mg PLX A.I.R/VEEV-gp140 compared to PLX A.I.R/
SFV-gp140 0.1 and 1 mg groups, respectively (Figure 2D).
Although the PLX A.I.R/SFV-gp140 1 and 10 mg groups induced
similar levels of cellular responses, the 0.1 mg dose struggled to
produce detectable responses. In contrast, the 0.1 and 10 mg PLX
A.I.R/VEEV-gp140 groups induced equivalent IFN-g responses
that were lower than the 1 mg regimen (p = 0.0079). Hence, these
results indicate that the VEEV saRNA was more effective at
mounting an IFN-g cellular response against the encoded Env
immunogen.
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Finally, comparison of this experiment with PLX A.I.R/VEEV-gp140
immunizations from the first experiment showed that IgG titers
induced with 1 and 10 mg doses were consistent across the two exper-
iments, with some variability in the lower 0.1 mg dose (Figures 1B and
2B). Furthermore, IFN-g ELISpot results were analogous in both ex-
periments, with the 1 mg dose reproducibly producing the strongest
response, which reached statistical significance in the second experi-
ment compared to the other two dose regimens (p < 0.01) (Figures 1C
and 2D).

Increasing the interval between prime and boost induces similar

responses

Having determined that the VEEV saRNA induced higher antigen-
specific responses to our Env immunogen, we determined whether
the interval between prime and boost immunizations modulates the
induced response. We immunized groups of BALB/c mice, following
two schedules (Figure 3A). Mice were immunized at 0 and 3 weeks
(schedule 1) or at 0 and 6 weeks (schedule 2), with 1 mg PLX A.I.R/
VEEV-gp140 and IFN-g cellular responses assessed after each immu-
nization at weeks 3 and 5 for schedule 1 and weeks 6 and 8 for
schedule 2. We first looked at the Env-specific serum IgG titer and
observed that whether the boost was given at week 3 or week 6, titers
were comparable at the final time point, with a mean IgG titer of 39



Figure 4. Membrane-bound Env elicits faster humoral kinetic and higher

specific IgG2a compared to soluble Env

Groups of n = 5 BALB/c mice were immunized twice 6 weeks apart with 1 mg RNA

dose of PLX A.I.R/VEEV-Env expressing ConSOSL.UFO.664 (UFO.664) or Con-

SOSL.UFO.750 (UFO.750). (A) The immunization schedule is depicted. (B) The

specific IgG titers were determined by ELISA using ConSOSL.UFO.664 as the

coating antigen. (C) and (D) depict the Env-specific IgG1 and IgG2, respectively. (E)

The IgG2a-to-IgG1 ratios for weeks 6 and 8 are plotted. For each animal, when both

specific IgG2a and IgG1 titers were <500 ng/mL, the ratio was not determined. (F)

Env-specific IFN-g ELISpots are reported as spleen forming units (SFU)/106 sple-

nocytes. ELISpots were performed using ConSOSL.UFO.664 protein on spleno-

cytes from week 8. Box and whiskers, with median, min-max, and 25th–75th

percentile. Mann-Whitney unpaired t test, p values: *< 0.05, **< 0.01. ns,

Non-significant.
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and 54 mg/mL, respectively (Figure 3B). This demonstrated that the
response could be efficiently recalled with a delayed boost immuniza-
tion. This also demonstrated that high IgG titers could quickly be
achieved with a boost injection closer to the initial one, whereas the
longer schedule 2 only marginally increased the titer by week 6 prior
to a second injection with a mean titer of 0.374 mg/mL compared
to the combined schedule 1/schedule 2 week 3 mean titer of
0.134 mg/mL (p < 0.01) and to schedule 1 week 5 mean titer of
39 mg/mL (p < 0.01). In addition, IFN-g ELISpot results showed
that the response was similar for schedules 1 and 2 by week 3 and
week 6, respectively, as well as for the last time point (Figure 3C).
Altogether, these results show that the time interval between prime
and boost could be increased with no impact on the magnitude of
the humoral and cellular IFN-g responses.

Membrane-bound Env elicits a faster humoral kinetic and higher

antigen-specific IgG2a compared to soluble Env

We previously established that the membrane-bound ConSOSL.
UFO.750 Env triggered a faster humoral kinetic and a different
IgG2a:IgG1 profile compared to its soluble counterpart ConSOSL.
UFO.664 when delivered as DNA.43 Therefore we decided to examine
the response elicited by both immunogens using PLX A.I.R/VEEV
saRNA. Mice were immunized following schedule 2 with either PLX
A.I.R/VEEV-UFO.750 (UFO.750) or PLX A.I.R/VEEV-gp140
(UFO.664) (Figure 4A). After one injection, the membrane-tethered
UFO.750 design induced 17-fold higher Env-specific IgG titer
compared to the soluble UFO.664 design (p < 0.01) (Figure 4B). By
week 8, both groups reached comparable IgG levels, with amedian titer
at 21.2 mg/mL for UFO.664 and 33.3 mg/mL for UFO.750. Although
the IgG levels were similar at week 8, we observed that Env-specific
IgG2a titers for the UFO.750 group were on average >10-fold higher
(p < 0.05) compared to UFO.664, whereas the IgG1 titers were equiv-
alent in both groups (Figures 4C and 4D). In addition, we noted that
the UFO.664 IgG response tended toward a marked IgG1 skew, with
4 animals having an IgG2a:IgG1 % 0.01 whereas animals in the
UFO.750 group ranged from 0.1 to 18 and presented a range of
IgG1- or IgG2a-skewed responses (Figure 4E). However, with one an-
imal in the UFO.664 group showing an IgG2a:IgG1 of 40, the trends
between the two groups were not statistically different. Finally,
IFN-g ELISpot analysis showed that UFO.664 induced higher levels
of cellular responses by week 8 compared to UFO.750, albeit not signif-
icant (p = 0.0556), and these levels were consistent with the results dis-
played in Figure 3C. Of note, the ELISpots were performed using
ConSOSL.UFO.664 soluble protein as stimulating antigen, as peptide
pools were not available. Thus, potential responses against the mem-
brane proximal external region (MPER) and cytoplasmic tail
domains of Env, which are included in ConSOSL.UFO.750 but not
ConSOSL.UFO.664, were not assessed. Overall, these results confirmed
our previous observations that the membrane-bound ConSO-
SL.UFO.750 Env induced a quicker humoral response with a different
IgG isotype signature compared to ConSOSL.UFO.664. This phenom-
enon does not appear to be dependent on the delivery platform,
whether it is plasmid DNA or saRNA delivered intramuscularly.

Env-specific IgG response elicited by saRNA UFO.750 in guinea

pig, rabbit, and macaque models

To determine whether the immune response observed in BALB/c
mice would be reproduced in other animal models, we tested PLX
A.I.R/VEEV-UFO.750 in larger animal models and measured the
Env-specific serum IgG. First, we tested PLX A.I.R/VEEV-UFO.750
in guinea pigs. Four groups of 4 animals were immunized with a
0.5, 2, 8, or 16 mg saRNA dose of PLX A.I.R/VEEV-UFO.750
following a schedule previously used for induction of neutralizing an-
tibodies against HIV-1 Env.43,46 Animals were immunized 3 times at
weeks 0, 4, and 8. Doses of 8 and 16 mg induced detectable but low
antibody binding responses 3 weeks after the first injection, whereas
the 0.5 and 2 mg doses did not induce detectable responses (Fig-
ure 5A). Although IgG titers were increased after the boost immuni-
zations, IgG levels only reached a mean titer of �5 mg/mL for the 8
and 16 mg groups and <1 mg/mL for the lower doses. Next, we immu-
nized groups of rabbits with the same incremental saRNA doses,
including an additional group injected with a 32 mg dose (Figure 5B).
These animals were injected twice 4 weeks apart, and the last serum
Molecular Therapy: Nucleic Acids Vol. 25 September 2021 487
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Figure 5. Env-specific humoral response elicited by saRNA encoding

membrane-bound Env in guinea pig, rabbit, and macaque

Animals were immunized with escalating saRNA doses of PLX A.I.R/VEEV-Con-

SOSL.UFO.750. The Env-specific serum IgG titers were assessed at the indicated

time points by capture ELISA using ConSOSL.UFO.664 MycHIS. (A) Guinea pigs

were immunized at weeks 0, 4, and 8 (n = 4 animals per group). (B) Rabbits were

immunized at weeks 0 and 4 (n = 4 animals per group). (C) Cynomolgus macaques

were immunized at weeks 0, 4, and 8 (black arrows). 1 macaque received 5 mg 3

times, 2 macaques received 20 mg 3 times, 2 other macaques received 80 mg 3

times, and 1 macaque received an alternative regimen with 5 then 20 and 5 mg. (A

and B) Box and whiskers, with median, min-max, and 25th–75th percentile. Mann-

Whitney unpaired t test performed, p values: *<0.05. ns, Non-significant.
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sample was taken at week 6. Groups that received 0.5, 2, and 8 mg of
saRNA did not appear to respond, and, in contrast to guinea pigs, we
observed that a second boost was necessary to induce a detectable
response for the 16 mg dose. However, both 16 and 32 mg groups pro-
duced titers by week 6 that were comparable to that induced in guinea
pigs by week 6 for the 8 and 16 mg doses. Thus, these data show that
there was no advantage in doubling the saRNA dose past a threshold
in guinea pigs (8 mg) and rabbits (16 mg) for the induction of humoral
responses.

Next, we performed a pilot study to assess the efficiency of the PLX
A.I.R/VEEV saRNA platform for expression in cynomolgus ma-
caques, a non-human primate (NHP) model relevant to pre-clinical
evaluation of HIV-1 vaccines. We injected 5 cynomolgus macaques
with increasing doses of saRNA: 5 mg (n = 1), 20 mg (n = 2), and
80 mg (n = 2) doses. Animals received 3 injections of PLX A.I.R/
VEEV-UFO.750 at weeks 0, 4, and 8, and serum samples were
collected throughout the immunization schedule (Figure 5C). An
additional animal received an alternative regimen with a low dose
for prime (5 mg) followed by a 20 mg boost and a low-dose (5 mg)
last boost. After the prime, low responses (<0.1 mg/mL) could be
measured by week 4 in 3 animals. By week 8, 4 weeks after the first
boost, 5/6 animals showed high anti-Env IgG titers, including 4
that had titers ranging from 16 to 47 mg/mL. However, a sixth animal
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in the highest dose group displayed a limited response, with only
0.64 mg/mL IgG titer at week 12. Interestingly, after the second boost,
titers appeared to peak or plateau by week 8/10 and then started
declining. These data suggest that PLX A.I.R/VEEV-UFO.750 is
capable of inducing higher IgG titers in cynomolgus macaques than
in guinea pigs or rabbits. It appeared that the alternative regimen
induced similar IgG titer compared to the 4 animals that showed
high titers by week 10. Interestingly, the 5 mg dose performed simi-
larly to higher doses, suggesting a potential plateau effect with no
advantage in increasing the dose of delivered saRNA. In addition,
there appeared to be no advantage from inclusion of a second boost
4 weeks after the first boost, likely reflecting that there was no contrac-
tion of response initiated by the first boost. Although these data are
preliminary, they provide some important insight for the planning
of future studies.

DISCUSSION
Although nucleic acid-based vaccines present production advantages,
to date the immunogenicity of DNA-based vaccines has induced
limited immunity in humans and usually required physical methods
of delivery such as electroporation to efficiently deliver DNA
in vivo.5,7,15 In contrast to DNA vaccines, which need to cross the nu-
clear envelope for expression, RNA vaccines only require entry into
the cytoplasm by crossing the plasma membrane, without any risk
of spontaneous integration into the host’s genome. Delivering RNA
into target cells in sufficient quantities while maintaining its stability
and integrity remains challenging, but the development of delivery
vehicles such as LNPs, cationic nanoemulsions, and PLXs have greatly
improved the delivery efficiency of RNA molecules.10 In addition to
these improvements, saRNA itself appears to have advantages over
non-replicating mRNA, as it potentially requires lower amounts of
material while supporting high and longer-term expression of the
GOI.36,39,47,48 In our study, we investigated a polymer formulated
VEEV saRNA for the delivery of soluble native-like Env trimer im-
munogens. Importantly, we showed in mice that this platform
induced higher immune responses than unformulated saRNA ex-
pressing the same soluble HIV-1 Env immunogen. This PLX A.I.R/
VEEV-gp140 also induced >100-fold higher IgG titers compared to
a previous LNP formulation for the same immunogen.35 In addition,
we observed that the alphavirus species used to design the saRNA can
impact the level of the immune response against Env. Although the
SFV saRNA proved to be an excellent platform for HA antigen, the
response to Env using SFV saRNA was markedly lower compared
to HA and compared to the VEEV saRNA. Although studies suggest
that VEEV saRNA might replicate more efficiently and potentially be
less cytopathic than SFV saRNA, more studies comparing these two
saRNAs are required to characterize fundamental properties that
may explain the observed immune responses.49,50 Therefore, we sug-
gest that immunogenicity of selected antigens should be evaluated
using SFV and VEEV saRNA in order to determine which saRNA
genetic background suits a particular antigen.

In the BALB/c mouse model, our data indicate that 2 immunizations
with 10 mg of PLX A.I.R/VEEV-gp140 induce high anti-Env IgG titers
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(111.5 ± 21.0 mg/mL, mean ± SEM, n = 10) that were comparable to
DNA + electroporation using 20 mg of ConSOSL.UFO.664 expression
plasmid (76.3 ± 19.9 mg/mL, mean ± SEM, n = 5).43 In addition, we
demonstrated that the interval between prime and boost immuniza-
tions (i.e., 3 versus 6 weeks) could be increased without impacting
the level of the humoral and IFN-g cellular responses for saRNA ex-
pressing soluble Env. In contrast, Hekele et al. showed that a saRNA
expressing full-length HA and delivered through LNP encapsulation
could induce higher IgG responses when the time between prime and
boost was increased from 3 to 8 weeks.51 These differences could be
intrinsic to the nature of the antigen—HA versus HIV-1 Env—but
we hypothesized that the presentation of HA in the membrane
context plays a key role and induces distinct responses to the soluble
antigen. We also investigated the immunogenicity of a membrane-
bound version of the ConSOSL.UFO design using the VEEV saRNA
platform. We observed that the ConSOSL.UFO.750 design delivered
through the VEEV saRNA platform induced a faster humoral
response kinetic as well as a different IgG subtype signature compared
to ConSOSL.UFO.664. Furthermore, the membrane-bound Env
induced higher IgG2a responses than its soluble counterpart, in line
with our previous report evaluating DNA delivery of these immuno-
gens.43 Thus, our data support the conclusion that the membrane-
tethered context of ConSOSL.UFO.750 is a key feature leading to
IgG2a class switch.

Next, as the membrane-bound Env form induced a faster humoral
kinetic and higher IgG2a responses in mice, we selected it for eval-
uation in larger animal models. Guinea pigs immunized with 8 or
16 mg PLX A.I.R/VEEV-UFO.750 developed low anti-Env IgG re-
sponses, but these are similar to levels achieved with 20 mg
DNA + electroporation immunizations.43 In contrast, rabbits hardly
developed an anti-Env response after 2 injections with 16 or 32 mg
of PLX A.I.R/VEEV-UFO.750. These results indicate that the PLX
A.I.R/VEEV platform might not be well adapted for these animal
models. Therefore, we sought to evaluate the potential of the PLX
A.I.R/VEEV-UFO.750 to induce humoral responses in NHPs.
Although previous studies have shown that linear PEI-based formu-
lation was an efficient delivery vehicle for SFV saRNA,38,39 we
demonstrated in the present study that this technology was also effi-
cient at delivering VEEV saRNA in NHPs, with strong humoral re-
sponses being raised. Importantly, we show that PLX A.I.R/VEEV
saRNA prompted high responses against Env in macaques with
saRNA doses as low as 5 mg. This represents 10 times less saRNA
compared to the 50 mg dose administered to NHPs by Bogers
et al. for the delivery of a gp140 immunogen.33 Similarly to this
report, we observed that a second immunization at week 4 was
required to induce high IgG titers in NHPs with an apparently faster
kinetic in our study. This difference possibly reflects a synergy of the
linear PEI-based formulation and the membrane-bound Env immu-
nogen, as ConSOSL.UFO.750 induces a faster humoral kinetic than
ConSOSL.UFO.664 (Aldon et al.43 and this study).

Although two recent studies evaluated saRNA delivery of HIV immu-
nogens, their immunogens and design strategies largely differ from the
present study. Moyo et al. evaluated the delivery of immunogens engi-
neered to elicit T cell responses using a SFV-based saRNA,38 andMelo
et al. evaluated the delivery of a particulate immunogen that presents
on its surface a small domain of Env focused on the CD4 binding
site (eOD-GT8).34 Our work evaluated the delivery of trimeric
native-like trimers (soluble and membrane bound), which greatly
differ from eOD-GT8 particulate presentation and the T cell immuno-
gens. Moreover, we compared SFV- and VEEV-based saRNA delivery
of soluble trimers in mouse and evaluated the performance of the PLX
VEEV saRNA platform in 4 animal models, whereas the Moyo et al.
and Melo et al. studies were carried out solely using mouse models.
The observation that both guinea pigs and rabbits had low responses
whereas NHPs showed promising and substantial responses after
two immunizations is interesting. Previously, Hubby et al. showed
that HA delivered by a VEEV-based VRP induced no humoral
response in rabbits when administered intramuscularly but induced
antibody responses after only a single subcutaneous injection.52 In
addition, they showed that NHPs injected intramuscularly with the
same VRPs developed good humoral responses. This, together with
our data, suggests that the immunization route and the type of target
cells greatlymodulate the saRNA replication andmay reflect variability
in IFN response/restriction factors between cell types (e.g., muscle
versus skin) and species. Of note, no toxicity was observed in the
four animal models, consistent with previous clinical studies showing
good safety profiles for linear PEI 22 kDa formulations.53,54

In case of an outbreak for a pathogen that can spread rapidly, a vac-
cine platform that is able to induce high antibody titers with a limited
number of injections is desirable and could warrant quick and effec-
tive protection in an emergency setting. Here, we demonstrated that
the PLX A.I.R/VEEV saRNA can induce high antigen-specific serum
IgG after 2 injections in mice and NHPs. Therefore, this platform rep-
resents a promising vaccine strategy for both conventional and emer-
gency vaccination settings where the delivery platform will not
require extensive and complex GMP manufacture as for other classic
vaccine approaches.

MATERIALS AND METHODS
saRNA synthesis by in vitro transcription

T7 in vitro transcription is based on protocols provided by the
MEGAscript T7 Transcription Kit (Thermo Fisher, formerly
Ambion). The general procedure starting with linear DNA template
containing the T7 promoter, and particularly with respect to co-tran-
scriptional capping with the synthetic cap analog beta-S-ARCA(D1)
(used in 4-to-1 ratio regarding guanosine triphosphate [GTP] con-
centration), is carried out similarly to previously described proto-
cols.55 Based on previous work, e.g., Pokrovskaya and Gurevich,56

high-yielding processes qualified for our particular systems were
developed; here, protocols have been modified and optimized with
respect to long saRNA with up to 10,000 nt.

Linear polyethylenimine formulation of saRNA

Polyelectrolyte complexes, also known as PLXs, comprising a 22.5 kDa
linear PEI and saRNA were manufactured according to an internal
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developed and optimized protocol (https://worldwide.espacenet.com/
patent/search/family/065234527/publication/WO2019137999A1?q=
WO2019137999A1). Linear PEI was obtained from Polyplus-transfec-
tion (Illkirch, France). PLXs were formulated for a final RNA concen-
tration of 0.1 mg/mL and a N-to-P ratio (N/P) of 12 in MBG Buffer
(MES-buffered-glucose, pH 6.1). The N/P was calculated as the bulk
stoichiometric ratio between the total amount of nitrogen within linear
PEI and the phosphates in the RNA. For the calculation of the N/P
from the concentrations in mg/mL, PEI was assumed to consist of
repeat units with the molar mass of 43 Da comprising one nitrogen,
and for the saRNA the molar mass of the repeat units (nucleotides)
comprising the phosphates was taken as 330 Da. For manufacturing
the PLXs equivoluminar amounts of PEI and saRNA solutions were
mixed and immediately vortexed for 6 s. The RNA solution in MBG
was prepared by mixing concentrated MBG Buffer (2�) and saRNA
from stock solution. Similarly, PEI solution was prepared with the
required volume of linear PEI stock, and concentrated MBG Buffer
(2�). Water was added for final adjustment of concentrations if
required. After mixing and vortexing, the formulations were incubated
for 15 min at room temperature. For in vivo experiments with multiple
injection time points, PLX stock formulations with the required
amount for each time point were produced prior to experiment start
and stored at �80�C. For quality control, physicochemical character-
ization of the PLX formulationswas performed, including the following
parameters: particle size by dynamic light scattering (Wyatt Technol-
ogy, Dernbach, Germany), RNA concentration by UV- absorption at
260 nm (NanoDrop 2000, Thermo Fisher Scientific, Darmstadt, Ger-
many), RNA integrity by capillary electrophoresis (Fragment Analyzer
System, Agilent), z-potential by laser Doppler electrophoresis
(WALLIS Zeta Potential, Cordouan, Pessac, France), and osmolality
by freezing point depression (Osmomat 010, Gonotec, Berlin, Ger-
many). Typical particle size after formulation ranged from 70 to
80 nm with a polydispersity of �0.24 and a z-potential between +22
and 25 mV. In average, osmolality of the formulations ranged between
300 and 330 mOsm. RNA integrity was monitored after thawing PLX,
with no observed degradation of RNA during formulation of PLX, stor-
ing at �80�C, or thawing process.

Animals and immunization procedure

BALB/c mice aged 6–8 weeks old were placed into groups of n = 5.
Animals were handled and procedures were performed in accor-
dance with the terms of a project license granted under the UK
Home Office Animals (Scientific Procedures) Act 1986. Mice were
immunized intramuscularly in the quadriceps muscle with various
doses of PLX A.I.R saRNA (SFV or VEEV) in a 50 mL injection vol-
ume following the immunization schedules indicated in the figures.
Blood samples were collected from the tail vein throughout the study
and were centrifuged to collect serum samples and then stored at
�20�C. At the end of each experiment, mice were euthanized and
spleens were collected to perform ELISpot analysis. In addition,
for some experiments, vaginal washes were performed to analyze
the IgG content. Mouse vaginas were washed with 3 � 25 mL of
1� PBS + protease inhibitor cocktail (Merck Millipore), and the
collected samples were stored at �20�C.
490 Molecular Therapy: Nucleic Acids Vol. 25 September 2021
Four groups of n = 4 of Dunkin-Hartley guinea pigs (Charles River)
aged 10 weeks old were immunized intramuscularly in the quadriceps
3 times at 4 week intervals with PLX A.I.R/VEEV-UFO.750 in a 50 mL
injection volume. Blood samples were collected at weeks 0, 4, 8, and
12 from the saphenous vein with a 23G needle (BD Biosciences) to
prick the vain of the pre-warmed animals. After centrifugation of
the blood, the serum was collected and stored at �20�C.

Five groups of n = 4 female New Zealand white rabbits (Charles River)
aged 2.5 months old were immunized intramuscularly in the right leg
quadriceps with PLX A.I.R/VEEV-UFO.750 twice 4 weeks apart with
0.5, 2, 8, 16, or 32 mg dose of saRNA in 50 mL. Pre-warmed animals
were bled at weeks 0, 2, 4, and 6, using the marginal ear vein. Blood
samples were spun and sera collected and stored at �20�C.

Female cynomolgus macaques (Macaca fascicularis), aged 39 and
44 months old and originating from Mauritian AAALAC-certified
breeding centers were housed in IDMIT infrastructure facilities (An-
imal facility authorization #D92-032-02, Prefecture des Hauts de
Seine, France) and in compliance with European Directive 2010/63/
EU, the French regulations, and the Standards for Human Care and
Use of Laboratory Animals of the Office for Laboratory Animal Wel-
fare (OLAW, assurance number #A5826-01, USA). The protocols
were approved by the institutional ethical committee “Comité d’Ethi-
que en Expérimentation Animale du Commissariat à l’Energie Atom-
ique et aux Energies Alternatives” (CEtEA #44) under statement
number A15_073. The study was authorized by the “Research, Inno-
vation and Education Ministry” under registration number APA-
FIS#3132-2015121014521340. Six macaques were immunized intra-
muscularly in the quadriceps 3 times at 4 week intervals with 5, 20,
or 80 mg of PLX A.I.R/VEEV-UFO.750. One macaque received 5 mg
3 times, two macaques received 20 mg 3 times, two other macaques
received 80 mg 3 times, and one macaque was immunized with an
alternative regimen: 5 mg, then 20 mg followed by 5 mg. Blood samples
were collected at weeks�1, 0, 2, 4, 6, 8, 10, and 12 and spun, and sera
were collected and stored at �80�C.

IFN-g ELISpots

Mice were euthanized, and were spleens removed, placed into 5 mL of
RPMI, and processed as previously described.57 The IFN-g T cell
response was evaluated with the Mouse IFN-g ELISpotPLUS kit (Mab-
tech), following the manufacturer’s instructions. Briefly, anti-IFN-g
pre-coated plates were blocked with complete medium. For the nega-
tive and gp140 antigen wells, 2.5 � 105 cells/well (100 mL of the cell
suspension) were added to wells containing 100 mL of complete me-
dium (negative control) or 100 mL of 10 mg/mL ConSOSL.UFO.664
protein in complete medium—final concentration of 5 mg/mL in
the 200 mL final volume in duplicate wells. The positive control wells
were loaded with 5� 105 cells/well in wells containing ConA in com-
plete medium—final concentration of 5 mg/mL in the 200 mL final vol-
ume. After overnight incubation at 5% CO2, +37�C, plates were devel-
oped as per the manufacturer’s protocol, allowed to dried, and read
with the AID ELISpot Reader ELR03 and AID ELISpot Reader soft-
ware (Autoimmun Diagnostika).

https://worldwide.espacenet.com/patent/search/family/065234527/publication/WO2019137999A1?q=WO2019137999A1
https://worldwide.espacenet.com/patent/search/family/065234527/publication/WO2019137999A1?q=WO2019137999A1
https://worldwide.espacenet.com/patent/search/family/065234527/publication/WO2019137999A1?q=WO2019137999A1
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Antigen-specific IgG/IgG1/IgG2a ELISAs

For mouse serum and vaginal samples, the antigen-specific IgG, IgG1,
and IgG2a titers were assessed by ELISA as previously described.57

MaxiSorp high-binding ELISA plates (Nunc) were coated with
100 mL/well of 1 mg/mL Influenza A H1N1 soluble protein (JPT Pep-
tide Technologies, Berlin, Germany) or 1 mg/mL HIV-1 Env ConSO-
SL.UFO.664 (in house) in 1� PBS. For the standard IgG/IgG1/IgG2a,
3 columns on each plate were coated with 1:1,000 dilution of goat
anti-mouse Kappa and Lambda light chains (SouthernBiotech). For
total IgG (vaginal samples), the entire plate was coated with goat
anti-mouse Kappa and Lambda light chains instead of the antigen.
After overnight incubation at +4�C, the plates were washed, blocked
for 1 h, and washed again, and the diluted samples and standard were
added. Plates were then incubated for 1 h and washed, and the sec-
ondary detection antibody was added (anti-mouse IgG/IgG1/
IgG2a-HRP [SouthernBiotech]). After 1 h incubation, plates were
washed and developed for 5 min. The absorbance was read on a
KC4 spectrophotometer at 450 nm (BioTek Instruments). The stan-
dard IgG was purchased from SouthernBiotech (cat# 0107-01). The
standard IgG1 (cat# M9269) and standard IgG2a (cat# M9144)
were purchased from Sigma.

For guinea pigs, rabbits, and cynomolgus macaques, Env-specific
serum IgG titers were determined by 9E10 capture ELISA. ELISA
plates were coated overnight at +4�C with 9E10 mouse anti-
cMyc monoclonal antibody—5 mg/mL for guinea pigs and rabbits,
2.5 mg/mL for macaques—in 1� PBS, 100 mL/well. For the standard
wells, 1:2,000 dilution in 100 mL/well 1� PBS of goat anti-guinea
pig IgG F(ab0)2 (Jackson ImmunoResearch) was used for guinea
pigs, 1:3,000 of goat anti-rabbit IgG Fc Ab (Jackson ImmunoRe-
search) for rabbits, and 1,2000 of goat anti-human Kappa and goat
anti-human Lambda (SouthernBiotech) for macaques. Plates were
washed 4 times with 1� PBS + 0.05% Tween 20 and then blocked
with 200 mL/well 1� casein buffer (Thermo Fisher Scientific) for
1 h at +37�C. After a washing step, ConSOSL.UFO.664 Myc-HIS
Env trimers were loaded onto the plates at 1 mg/mL in casein buffer,
100 mL/well. Diluted serum samples were then added in triplicate
wells (50 mL/well in casein buffer) as well as the diluted IgG standard
for each species starting at 200 ng/mL. After 1 h at +37�C, plates were
washed and the detection antibody added (100 mL/well in casein
buffer): 1:25,000 donkey anti-guinea pig IgG (H+L) biotinylated anti-
body (Sigma) for guinea pigs, 1:25,000 mouse anti-rabbit IgG bio-
tinylated monoclonal antibody clone RG-96 (Sigma) for rabbits,
and 1:50,000 mouse anti-rhesus monkey IgG Fc biotinylated antibody
(Southern Biotech) for cynomolgus macaques. After 1 h incubation
at +37�C, plates were washed, and poly-HRP40 (Fitzgerald) was
added at 1:10,000 in casein buffer, 100 mL/well, for another hour. Af-
ter a final wash, plates were developed for 5 min and the absorbance
was read on a KC4 spectrophotometer at 450 nm.

Statistical analysis

Statistical analyses were carried out with Mann-Whitney unpaired t
test in order to determine statistical significance, using GraphPad
Prism v.7.0h.
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Supplementary Figure 1. Comparison of VEEV- and SFV-based saRNA. Related to 
Figure 2. Groups of n = 5 BALB/c mice were immunized 3 times 3 weeks apart with 
escalating doses of polymer formulated (PLX) VEEV-based saRNA encoding the 
ConSOSL.UFO.664 gp140 protein (PLX A.I.R/VEEV-gp140) and compared to a SFV-
based saRNA platform (PLX A.I.R/SFV-gp140). A PLX A.I.R/SFV-H1N1/Cf7-HA was 
included as a positive control group. (A) Antigen-specific IgG1 and (B) IgG2a  titers as 
determined by ELISA. (C) The antigen-specific vaginal IgG was determined by ELISA. For 
(A), (B) and (C), box and whiskers with median, min-max and 25th-75th percentile. For (A) 
and (B), the indicated p values compare VEEV to SFV for each week and each specific RNA 
dose. In (C), p values indicated by arrows compare VEEV to SFV for each week and each 
specific RNA dose. Mann-Whitney unpaired t-test, p values: *<0.05, **<0.01 and ∝∝<0.01. 
ns, non-significant. 
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