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RNA replicons are a promising platform technology for vac-
cines. To evaluate the potential of lipid nanoparticle-formulated
replicons for delivery of HIV immunogens, we designed and
tested an alphavirus replicon expressing a self-assembling pro-
tein nanoparticle immunogen, the glycoprotein 120 (gp120)
germline-targeting engineered outer domain (eOD-GT8)
60-mer. The eOD-GT8 immunogen is a germline-targeting
antigen designed to prime human B cells capable of evolving to-
ward VRC01-class broadly neutralizing antibodies. Replicon
RNAwas encapsulated with high efficiency in 1,2-dioleoyl-3-tri-
methylammonium-propane (DOTAP)-based lipid nanopar-
ticles, which provided effective delivery in the muscle and
expression of luciferase lasting �30 days in normal mice, con-
trasting with very brief and low levels of expression obtained
by delivery of equivalent modified mRNA (modRNA). eOD-
GT8 60-mer-encoding replicons elicited high titers of gp120-
specific antibodies following a single injection in mice, and
increased levels of antigen-specific germinal center B cells
compared with protein immunization. Immunization of trans-
genic mice expressing human inferred-germline VRC01 heavy
chain B cell receptors that are the targets of the eOD antigen
led to priming of B cells and somatic hypermutation consistent
with VRC01-class antibody development. Altogether, these data
suggest replicon delivery of Env immunogens may be a prom-
ising avenue for HIV vaccine development.

INTRODUCTION
Despite the availability of antiretroviral drugs, HIV infection remains
a pandemic that will be controlled only by the development of a suc-
cessful prophylactic vaccine.1,2 A protective vaccine against HIV will
likely need to elicit broadly neutralizing antibodies (bnAbs), anti-
bodies capable of recognizing highly conserved epitopes on the viral
glycoprotein 140 (gp140) envelope spike that enable neutralization of
the diverse strains of circulating virus.3,4 Elicitation of bnAbs by
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vaccination has not yet been achieved despite intense research in
the field because of many factors, including the shielding of epitopes
on the virus by a dense layer of diverse glycans, intrinsic instability of
the native envelope structure, and high mutability of much of the
envelope sequence, to name a few.3–5

One strategy in preclinical development to promote the development
of broadly neutralizing responses is to guide the initiation of the B cell
response through so-called germline-targeting (GT) immunogens.6–12

GT antigens are designed to optimally engage human naive precursor
B cells expressing specific lineages of B cell receptors (BCRs) known to
be required for bnAbs targeting specific sites on gp140. One attractive
target epitope on gp120 amenable to such an approach is the CD4
binding site. The CD4 binding site is recognized by a potent bnAb,
VRC01, which is representative of a class of antibodies that share
structural and genetic characteristics enabling recognition of this
epitope on diverse viral strains, including usage of VH1-2 heavy chains
and a short 5-amino acid CDR L3 loop.13–15 We have previously
described a series of gp120 outer domain GT immunogens (GT engi-
neered outer domains [eOD-GTs]) designed to engage B cells express-
ing germline BCRs of the VRC01 antibody class and initiate somatic
hypermutation toward VRC01-like bnAbs. To promote responses to
these immunogens, we multimerized them via fusion to a bacterial
protein, lumazine synthase, which self-assembles to form an icosahe-
dral nanoparticle displaying 60 copies of the eOD-GT antigen
(eOD-GT8 60-mer).8 Recombinant eOD-GT8 60-mer protein nano-
particles activate naive B cells expressing VRC01 precursors in human
inferred-germline BCR knockin mice,6,7,16 wild-type mice into which
human inferred-germline B cells have been adoptively transferred,15
erican Society of Gene and Cell Therapy.
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Figure 1. Design of Replicons Encoding eOD-GT8 60-Mer Antigens

(A) Schematic of eOD-GT8 replicon constructs. (B) Representative PAGE analysis of

in vitro-transcribed full-length replicon RNA in vitro transcribed from either 1.5 or

0.1 mg of starting template plasmid DNA. (C) 2C12 myoblast cells were electro-

porated with 100 ng of replicon RNA encoding eOD-GT8 or eOD-GT8 d41m3 60-

mer antigens, and eOD-GT8 antigen in the culture supernatants wasmeasured after

24 h by ELISA. (D) Representative transmission cryoelectron microscopy image of

eOD-60-mer particles secreted by HEK cells transfected with eOD-60-mer re-

plicons.
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human VH gene knockin mice,17,18 and human immunoglobulin loci
transgenic mice.19

These proof-of-principle studies have all been pursued using recom-
binant protein antigens, but the development of efficient in vitro pro-
tein production protocols to express sufficient quantities of new im-
munogens for immunological studies can slow iterative testing of new
immunogen designs. Thus, the creation of an effective nucleic acid-
based platform for in vivo expression of these antigens would be of
significant interest for future preclinical and clinical development.
More importantly, GT approaches by design are intended to proceed
by sequential immunization with multiple immunogens and, in some
strategies, could involve as many as five different immunizations or
cocktails of multiple antigens.20 Such multi-immunogen vaccine stra-
tegies would be expensive and complex for GMP production at scale
for mass vaccination. By contrast, the ability to vaccinate with syn-
thetic nucleic acids that could be produced at low cost via a common
GMP pipeline may facilitate clinical translation of these concepts. In
addition, heterologous prime-boost regimens employing nucleic acid
vaccines as prime and protein immunogens as a boost have been
shown to promote enhanced humoral and cellular immunity.21–23

Motivated by these factors, we sought to explore a nucleic acid vaccine
platform for delivery of HIV immunogens such as the eOD-60-mer.
Common platforms for nucleic acid vaccines include vaccination with
plasmid DNA or in vitro-transcribed mRNA.24–26 However, to date,
both DNA vaccines and first-generation non-optimized mRNA vac-
cines have suffered from poor induction of humoral immunity in hu-
mans. These poor responses are likely due to multiple factors
including a low efficiency of delivery of DNA to the nucleus of cells,
short lifetimes of mRNA in vivo, and/or innate immune stimulation
by the nucleic acids.27 One alternative is to use modified RNA incor-
porating various unnatural bases or other modifications to enhance
RNA expression lifetimes in vivo.28–30 A second promising alternative
is the delivery of synthetic alphavirus replicon-based RNA, which un-
dergoes self-replication on delivery to the cytoplasm via the transcrip-
tion of non-structural proteins that copy the replicon RNA itself in
addition to producing product “cargo” proteins.31,32 Prior work has
demonstrated the ability of replicon RNA to elicit potent immune re-
sponses in both small- and large-animal models when administered
as viral replicon particles or in synthetic lipid or emulsion formula-
tions.32–37 These data suggest replicon vaccines may be a promising
platform for antigen delivery.

Here we demonstrate the immunogenicity of a lipid nanoparticle
(LNP)-vectored alphavirus replicon encoding the GT eOD-GT8
immunogen fused to lumazine synthase, which self-assembles into
a 60-mer protein nanoparticle. Replicon-encoded eOD-GT8 antigens
were highly immunogenic in mice. Compared with recombinant pro-
tein immunization, replicon vaccination elicited �2-fold greater
levels of antigen-specific germinal center (GC) B cells. In a knockin
mouse model where B cells transgenically express the heavy chain
of the human BCRs that are the target of the eOD-GT8 design,7 repli-
con immunization primed B cell responses and elicited somatic
hypermutation comparable with recombinant protein vaccination.
Altogether, these results suggest synthetic lipid-delivered replicon
RNA is a promising platform for the development of GT and other
serial immunization strategies in development for HIV and other
infectious diseases.
RESULTS
Replicon Design and Synthesis

We selected Venezuelan equine encephalitis (VEE) virus as the source
of a replicon backbone for our system. VEE’s genome is encoded by a
single positive-strand RNA, encoding both the non-structural pro-
teins (nsP1–4, which form the RNA-dependent RNA polymerase
complex) and the structural proteins (replaced in the engineered re-
plicons by target genes), separated by a subgenomic promotor, which
drives further transcription of the structural protein-coding portion
of the RNA and thus increases the copy number and expression of
target proteins. We designed the replicon backbone as described pre-
viously38; the structural proteins of the replicon were replaced with
either firefly luciferase or the eOD-GT8-lumazine synthase
sequence7,8 preceded by a Kozak sequence and amouse immunoglob-
ulin (Ig)-kappa signal peptide coding sequence; these sequences were
inserted 30 bases downstream of the subgenomic transcription start
site (SGP30). On the luciferase-expressing replicon, the 30-transla-
tional unit ended with a truncated E1 protein (Figure 1A). Two
different versions of eOD were tested: eOD-GT8 is comprised of
eOD fused to a lumazine synthase sequence containing two point mu-
tations: C37A to remove an unpaired cysteine andN102D to remove a
glycosylation site.7,8 eOD-GT8 d41m3 is comprised of eOD fused to
the same lumazine synthase with two additional disulfides to stabilize
the lumazine synthase protein.19 We established an in vitro
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Figure 2. Lipid Nanoparticle Formulation of Replicons

(A) Schematic of LNP-replicon RNA formulation. (B) eOD-GT8 60-mer replicon RNA

was formulated in LNPs. Total solution-accessible RNAwasmeasured in the absence

or presence of added Triton X-100 byQuan-iT assay as described in theMaterials and

Methods. (C) Histogram of LNP particle size assessed by dynamic light scattering. (D)

Cryoelectron microscopy (cryoEM) image of replicon-loaded LNPs.
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transcription (IVT) and purification strategy that allowed for the pro-
duction of highly pure full-length RNA transcripts (Figure 1B). Inter-
estingly, we found maximal yields of replicon RNA were obtained
using relatively low amounts of input plasmid DNA template for
the IVT reaction (Figure 1B). Transfection of murine myoblast
C2C12 cells with replicons encoding eOD-GT8 60-mer or eOD-
GT8 d41m3 60-mer led to high levels of secreted eOD protein in
the supernatants as detected by ELISA (Figure 1C). To confirm that
eOD-GT8-lumazine synthase fusions correctly self-assembled to
form the expected 60-mer nanoparticles when expressed from repli-
con RNA, we transfected HEK cells in serum-free medium, followed
by dialysis of the culture supernatants to remove low-molecular-
weight proteins and imaging by cryo-transmission electron micro-
scopy (cryoTEM). As shown in Figure 1D, nanoparticles of the
expected diameter (�32 nm) were observed in the supernatants of
transfected cells, whereas no particles were detected in the superna-
tants of control untransfected cells (data not shown).
LNP Formulations of Replicons for In Vivo RNA Delivery

To promote effective delivery of replicons in vivo, we complexed the
replicon RNA with PEGylated and cationic lipids to form LNPs, us-
ing an ethanol dialysis approach similar to approaches previously
developed for DNA encapsulation.39 As outlined in Figure 2A, lipids
in ethanol were combined with RNA in citrate buffer and emulsified,
followed by dialysis to remove ethanol and promote lipid-RNA self-
assembly. The resulting LNPs encapsulated �95% of added RNA
2082 Molecular Therapy Vol. 27 No 12 December 2019
(Figure 2B). The LNPs were largely unilamellar vesicles with a
mean diameter of 75 nm as revealed by light scattering and cryoelec-
tron microscopy (Figures 2C and 2D). Assuming a uniform popula-
tion of LNPs with this size, this corresponds to�1 replicon RNA per
particle.

To define an effective route of administration, we compared injec-
tions of luciferase replicon LNPs in BALB/c mice given intradermally
(i.d.) (in the ear), subcutaneously (s.c.) near the tail base, or intramus-
cularly (i.m.), and monitored luciferase expression over time in
treated animals. Although LNPs produced reliable transfection in
all immunized mice via all three routes, levels and duration of expres-
sion were quite distinct. Reporter gene expression was detected only
at the injection site for s.c. and i.m. administrations, whereas some
signal was observed in draining cervical lymph nodes in i.d. injected
groups (ventral images, Figures 3A and 3B). Injection by all three
routes led to reporter expression over 25–30 days with similar
kinetics, but i.d. injection elicited an �100-fold lower peak in cargo
gene expression (Figure 3C). We also modeled homologous boosting
and reinjected the animals on day 40. All of the animals showed re-
expression of luciferase following the second dosing, but the expres-
sion duration was shorter, decaying to baseline after �10 days (Fig-
ure 3C). Based on the high levels of expression and its acceptability
as a site for vaccine administration in humans, we chose to focus
further analysis on i.m. delivery. Comparing luciferase signals from
replicon RNA versus the same reporter gene delivered by modified
mRNA (modRNA), much higher levels and more prolonged gene
expression duration were obtained with the replicon (Figure 3D).
Two mutations have been reported to reduce cytopathic effects of
VEE replicons, an A3G mutation in the 50 UTR and a mutation in
nsP2 (Q739L).40 We compared in vivo expression of luciferase re-
porter from wild-type VEE versus non-cytopathic (NCP) replicons
including these two mutations, and found slightly prolonged expres-
sion from the NCP sequences (Figure 3D). We thus focused on the
use of the NCP replicon backbone for subsequent immunogenicity
studies.

Humoral Responses to eOD-GT8 Antigens in Wild-Type Mice

To assess the immunogenicity of replicon immunization, we first
characterized serum responses following vaccination with LNP-deliv-
ered replicons. Groups of BALB/c mice were primed on day 0 and
then boosted at either 4 or 6 weeks with LNP-replicon encoding
eOD-GT8 60-mer or eOD-GT8 d41m3 60-mer. Serum IgG titers
were traced over time by ELISA. As shown in Figures 4A and 4B, a
single injection of 3 mg LNP-replicon for either construct elicited
high serum IgG responses. Boosting at week 4 did not further increase
these (already high) IgG titers. However, following immunization
with a lower dose of replicon (1 mg) where post-prime eOD-specific
IgG levels were lower, mice did respond to boosting with 10-fold in-
creases in antibody titers (Figure S1). Interestingly, the two eOD con-
structs primed different classes of IgG: immunization with the eOD-
GT8.1 replicon elicited exclusively IgG2a subclass antibodies, whereas
eOD-GT8 d41m3 replicons primed serum IgG1, IgG2a, and (weaker)
IgG2b responses (Figures 4C and 4D).



Figure 3. Optimization of Replicon-LNP Injection

Route

(A–C) Albino C57BL/6 mice (n = 5/group) received an

injection of 3 mg LNP-formulated replicon encoding

luciferase intradermally (i.d.), subcutaneously (s.c.), or

intramuscularly (i.m.), with a boost of the same amount of

LNP-replicon on day 40. Shown are representative

whole-animal IVIS bioluminescence images on day 3 from

s.c. and i.m. injections (A), i.d. injections (B), and time

courses of total bioluminescence signal (C). (D) BALB/c

mice (n = 5/group) were administered 1 mg LNP-replicon

encoding luciferase on either the wild-type (WT) or non-

cytopathic mutant (NCP) replicon backbone sequence, or

LNP-formulated modRNA (which incorporates N1-methyl

pseudouridine) encoding luciferase, and biolumines-

cence signal was tracked over time by IVIS.
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We next examined GC responses to replicon immunization, because
active GCs are essential to somatic hypermutation that will promote
evolution of bnAb-class antibodies from the GT immunogens. For
these studies, we compared eOD-GT8 d41m3 replicon immunization
with vaccination with the equivalent recombinant protein nanopar-
ticle, which has previously been shown to be highly immuno-
genic.7,8,19 Preliminary dose response assessment varying the dose
of the protein from 2 to 20 mg or replicon from 1 to 10 mg showed
minimal impact on the magnitude of antigen-specific GC B cells (Fig-
ure S2). Following priming immunization, total GC B cell responses
elicited by protein or replicon immunization were comparable and
showed similar decay kinetics over 30 days (Figure 5A). However,
when we stained GC B cells to detect eOD-specific responding cells,
we found that replicon immunization induced �2-fold higher anti-
gen-specific GC B cells across the entire time course (p < 0.01; Figures
5B and 5C; Figure S3A). GC B cells cycle between the light zone,
where antigen is acquired from follicular dendritic cells, and the
dark zone, where they proliferate and undergo somatic hypermuta-
tion. The proportion of eOD-specific GC B cells localized in the
dark zone41 (CXCR4hiCD86lo) was higher for replicon compared
with protein immunization (Figure 5D), suggesting a larger propor-
tion of antigen-specific GC B cells proliferating at any given time
for the LNP-replicon vaccination.

Follicular T helper (Tfh) cells play an important part in regulating the
GC response, and thus we next analyzed Tfh cells induced by protein
versus replicon immunization. Total (CD4+CXCR5+) Tfh cells
trended toward higher levels following replicon immunization, but
this did not reach statistical significance (Figure 5E). GC Tfh cells
Molecular
(CD4+CXCR5hiPD-1hi) were induced at similar
levels in the protein and replicon immuniza-
tions (Figure 5F; Figure S3B). Interestingly,
the key costimulatory receptor ICOS that stim-
ulates GC B cells during cognate interactions
with Tfh42 was upregulated to higher levels on
Tfh early in the response to the replicon versus
protein immunizations (Figure 5G). Thus, re-
plicon vaccines were immunogenic in wild-type mice and elicited
equivalent or superior GC responses when compared with protein
immunization.

Somatic Hypermutation Elicited by Replicon Vaccines in

Germline-VRC01 Knockin Mice

As a more rigorous test of the effectiveness of replicon immunization
in priming the appropriate steps in somatic hypermutation for the GT
eOD-GT8 immunogen, we finally immunized VRC01 knockin mice,
whose B cells transgenically express the inferred human germline
heavy chain of the VRC01 bnAb (glVRC01). This system models re-
sponses of the putative target population of naive B cells that would
respond to eOD-GT8 vaccination in humans.7,8,15,19 Cohorts of
glVRC01 mice were immunized with recombinant eOD-GT8
d41m3 60-mer protein nanoparticles, or the equivalent LNP-deliv-
ered replicon. For this experiment, we increased the dose of the pro-
tein immunogen to enable comparison with our prior studies in this
model.7 On days 14 and 42, sera were collected for analysis of secreted
antibody responses. In parallel, on day 14 post immunization, eOD-
binding B cells were sorted by flow cytometry and processed for sin-
gle-cell RNA sequencing (RNA-seq) analysis of BCR sequences, to
characterize somatic hypermutation occurring in the responding
cells. As shown in Figure 6A, eOD-GT8 d41m3 60-mer protein eli-
cited higher eOD-specific IgG responses in serum than the replicon
immunization (note that this immunization was carried out using
10-fold more protein than the experiments shown in Figure 4). Inter-
estingly, however, responses to sites outside the VRC01-class anti-
body footprint, detected by ELISA analysis of IgG binding to an
eOD protein mutated in the CD4 binding site (GT8_KO11b), showed
Therapy Vol. 27 No 12 December 2019 2083
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Figure 4. LNP-Replicons Elicit Robust Humoral

Immune Responses to eOD-GT8 60-Mer Antigens

C57BL/6 mice (n = 5 animals/group) were immunized i.m.

with 3 mg LNP-formulated eOD-GT8- (A) or eOD-GT8

d41m3-encoding replicon (B) at 0 and 4 weeks, and

serum IgG responsesweremonitored by ELISA over time.

Background levels of IgG in unimmunized naive control

mice are shown for comparison. (C and D) ELISA analysis

of eOD-specific Ig titers by isotype in serum collected at

4 weeks post boost for eOD-GT8 60-mer (C) or eOD-GT8

d41m3-60-mer (D).
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that the replicon elicited considerably lower off-target responses
compared with the protein immunization (Figure 6A). Thus, the pro-
portion of the ELISA response that was “on target” (DAUC, calcu-
lated by subtracting the ELISA area under the curve [AUC] values
for eOD-GT8_KO11b binding from the AUC of IgG binding to
eOD-GT8) was comparable for protein and replicon immunization
by day 42 (Figure 6B).

Single B cell sorting and BCR sequencing revealed similar responses
to protein and replicon immunogens. At day 14, 100% and 97% of
protein and replicon-elicited BCRs, respectively, used the glVRC01H

chain and a mouse light chain with a 5-amino acid LCDR3, appro-
priate for a VRC01-class antibody response; these statistics are similar
to the original report of VRC01 knockin mouse immunization with
eOD-60-mer protein.7 Light chain V gene usage in the responding
B cells was very similar for the protein and replicon immunizations
(Figure 6C). The total counts of amino acid mutations in heavy and
light chains at day 14 were similar in both groups, with 2.6 ± 0.9
(n = 9) and 2.2 ± 1.1 (n = 33) mutations for protein and replicon
groups, respectively. Sequence motifs in the LCDR3 regions of re-
sponding B cell light chains were nearly identical for the protein-
and replicon-immunized animals at day 14 (Figure 6D). Altogether,
these data suggest that replicon immunization was effective in prim-
ing VRC01-class somatic mutations in germline BCRs, comparable
with immunization with the protein nanoparticle form of the
immunogen.

DISCUSSION
In order to access conserved sites on the surface of the heavily glyco-
sylated envelope spike, broadly neutralizing antibodies (bnAbs)
against HIV often have high degrees of somatic hypermutation,
2084 Molecular Therapy Vol. 27 No 12 December 2019
unusual structural features, or very restricted
germline heavy and light chain usage.3,43,44 In
addition, it has been found that when bnAbs
are reverted to an inferred germline sequence,
the germline BCR often does not bind to enve-
lope.45 These characteristics have motivated
vaccine development strategies based on immu-
nization with a sequence of immunogens,
beginning with a GT antigen designed to specif-
ically engage unmutated naive B cells bearing an
appropriate heavy and light chain with sufficient affinity and followed
by subsequent booster immunogens that help steer the antibody
response toward bnAb characteristics. The generation of a bnAb
response starting from a GT immunogen has been reduced to practice
in a humanized mouse model,20 demonstrating the feasibility of such
an approach, but implementation of a multi-immunogen vaccine in
the clinic using recombinant protein-based antigens will be chal-
lenging, because every protein requires development of a custom
GMP production cell line and purification process. By contrast, an
RNA platform provides a uniform, cell-free, universal manufacturing
path for any immunogen,46,47 the ability for a single GMP lot of de-
livery lipids to be used with RNAs encoding many different immuno-
gens, and potent immunogenicity at low mass doses of material.
Process studies at Novartis projected that a 1-L reactor can generate
5 � 105 doses of replicon RNA for human trials,48 illustrating the
potential of self-replicating RNAs to impact GMP production
requirements.

Here we evaluated the immunogenicity of LNP-formulated replicons
encoding a promising GT gp120 immunogen, the eOD-GT8 60-mer.
As a recombinant protein nanoparticle, this immunogen has previ-
ously been shown to be effective and highly immunogenic in both
wild-type mice49 and transgenic mice expressing the VRC01-class hu-
man inferred germline BCRs,6,7,15,16 the human VH1-2 gene,17,18 or a
broad human antibody gene repertoire.19 First, using reporter genes,
we optimized the route of administration and found that our LNP-
formulated replicons administered i.m. could elicit transgene expres-
sion lasting approximately 30 days. eOD-GT8 60-mer was efficiently
expressed from replicons in transfected cells in culture, and LNP-re-
plicons encoding the stabilized nanoparticle form of the immunogen,
eOD-GT8 d43 m1 60-mer, elicited seroconversion in all immunized



Figure 5. LNP-Replicons Prime Strong Germinal

Center Responses

(A–G) C57BL/6 mice (n = 5/group) were immunized with

3 mg LNP-formulated eOD-GT8 d41m3 replicon or 2 mg

eOD-GT8 d41m3 60-mer protein nanoparticles and an

ISCOMs-like adjuvant. Groups of mice were sacrificed at

serial time points and analyzed by flow cytometry.

Frequencies of overall GC B cells (A), percentages of

eOD-binding GC B cells (B), representative flow plots of

eOD-binding GCB cells (C), percentages of dark zoneGC

B cells (D), percentages of total CD4+CXCR5+ Tfh cells

(E), percentages of CXCR5+PD-1+ GC Tfh cells (F), and

mean ICOS levels on Tfh cells (G) are shown. *p < 0.01;

***p < 0.001, by ANOVA followed by Sidak’s multiple

comparison test.
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mice following a single injection. We evaluated the ability of LNP-
formulated replicons to be used as a homologous boost and found
that with luciferase reporter gene expression, similar peak expression
levels were observed post-prime and post-boost, but the duration of
expression in the boost phase was shortened to �10 days. Despite
this contracted expression duration observed for luciferase, in immu-
nizations with eOD-GT8 60-mer, boosting increased antibody titers
�10-fold in response to low-dose replicon immunization (Figure S1).
This is consistent with prior studies of nanoparticle-delivered repli-
con RNA where homologous boosting was shown to be effective in
enhancing T cell and antibody responses.32 Immunization with the
eOD-GT8 d41m3-60-mer-encoding replicon elicited a balanced
IgG1/IgG2 humoral immune response.

A key issue for GT-based vaccines is promotion of GC responses and
elicitation of appropriate somatic hypermutation toward broadly
neutralizing antibody (bnAb) lineages. Interestingly, LNP-replicon
immunization elicited a similar Tfh cell response but increased by
Molecular
�2-fold the frequency of antigen-specific GC
B cells compared with traditional protein im-
munization. We hypothesize this might relate
to sustained provision of “fresh,” nondegraded
antigen to the draining lymph nodes over time
by the replicon immunization.50 Importantly,
in glVRC01H transgenic mice, replicon and pro-
tein immunization elicited similar distributions
of appropriate antibody light chain usage,
somatic hypermutation, and LCDR3 mutations
in responding B cells, suggesting that replicon
immunization effectively promotes the develop-
ment of VRC01-class B cell affinity maturation.

In principle, DNA- and RNA-based vaccines
could share some production advantages, but
the potency of DNA vaccines in large animals
and humans to date has been poor, with the
exception of DNA vaccines delivered by in vivo
electroporation.47,51–53 The potential of RNA to
achieve more efficient transfection by requiring delivery to only the
cytosol and not the nucleus, as well as the lack of concern about po-
tential integration in the host cell, has motivated interest in RNA vac-
cines as an alternative. Both mRNA modified to enhance expression
and stability, and alphavirus-derived self-amplifying RNAs have
shown promise in animal models and early clinical trials.2,31–34,54–59

Alphavirus-derived replicons are attractive because even a few mole-
cules of RNA can express the product gene at maximal levels within a
few days in any cell where self-amplification occurs efficiently, and re-
plicons (as illustrated here) can express their cargo antigen for several
weeks in vivo.

In addition to the practical considerations noted above, sustained an-
tigen expression achieved by the replicon is of interest for its potential
impact on the immune response. Recent studies by us and others have
demonstrated that sustained availability of antigen over time (e.g.,
through continuous release of vaccine from osmotic pumps) en-
hances Tfh and GC B cell responses, and can elicit �10-fold greater
Therapy Vol. 27 No 12 December 2019 2085
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Figure 6. LNP-Replicons Prime Responses to the

CD4 Binding Site in VRC01 Germline Knockin Mice

with Minimal Targeting of Other Epitopes

VRC01 gH mice (n = 5 animals/group at each time point)

were immunized with either 20 mg eOD-GT8 d41m3

60-mer protein nanoparticle with Sigma Adjuvant System

adjuvant or the 3-mg LNP-formulated replicon encoding

the same immunogen. (A and B) Area under the curve

(AUC) ELISA analysis of serum IgG binding to immobilized

eOD antigen or eOD antigen-bearing mutations in the

CD4 binding site (GT8_KO11b) (A) and DAUC, the dif-

ference in AUC binding to eOD versus the GT8_KO11b

immunogen (B). (C) Ig light chain usage among VRC01-

class responding B cells sorted from immunized mice at

day 14. (D) Sequence motifs of LCDR3 regions of re-

sponding B cells at day 14.
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antibody responses compared with traditional bolus immuniza-
tion.60–62 Such enhancements were also seen by administration of
vaccines in an escalating dose over 2 weeks,60 a pattern similar to
the escalating expression we find with replicons in vivo following
administration. One theory for the effectiveness of sustained-release
vaccines is that continuous arrival of fresh, fully intact antigen limits
responses of B cells against proteolytic degradation products of anti-
gen that might develop over time.50 Interestingly, we found that repli-
con immunization elicited GC responses that contained approxi-
mately twice as many antigen-specific B cells as immunization with
the corresponding recombinant protein. We observed that peak Tfh
responses occurred by day 12 following replicon immunization and
decayed slowly thereafter. In interesting contrast with this finding,
a recent report of immunization with HIV Env antigens designed
to elicit protective T cell responses using a polymer-formulated
Semliki Forest virus replicon showed that CD8+ and CD4+ T cell re-
sponses were low 1 week after immunization and continued to slowly
expand for�5–12 weeks.63 Whether these distinct kinetics reflect dif-
ferences in Tfh versus Th1/CD8 priming in response to mRNA vacci-
nation or differences in the replicon systems will be an interesting
point for future study.

Formulation of RNA in synthetic lipids or polymers is an attractive
strategy to avoid limitations of target cell tropism with viral vectors
and anti-vector immunity that can limit the immunogenicity of the
vaccine. Here we employed a simple cationic lipid formulation similar
to previous reports,34 which was effective in traditional i.m. immuni-
zations. However, enhancements in transfection efficiency and target-
ing of specific antigen-presenting cell subsets make further explora-
tion of new lipid formulations of great interest for future work.
MATERIALS AND METHODS
RNA Production and Purification

Replicon RNA was synthesized as previously described.38 In brief,
plasmid DNA containing self-replicating RNA was propagated in
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Escherichia coli and purified using the Plasmid QIAprep spin mini
kit (QIAGEN). The plasmid backbone sequence contains the colE1
origin, AmpR (beta-lactamase), and a ROP deletion originating
from pUC19. The replicon sequence is flanked by the T7 promoter
on the 50 end and I-SceI endonuclease sites 50 of the T7 promoter
and 30 of encoded poly(A) sequence. Templates for T7 IVT were
generated via the digestion of these plasmids using I-SceI (NEB)
and cleaned using the DNA Clean & Concentrator kit (Zymo
Research). Linearized DNA templates were then transcribed using
the MEGAscript T7 kit (Thermo Fisher) and purified through spin
filtration using Vivaspin 500 300K molecular weight cut-off
(MWCO) centrifugal concentrators (Sartorius). RNA was post-tran-
scriptionally capped using the ScriptCap m7G and 20-O-methyltrans-
ferase capping system (Cellscript).

Templates for IVT of modRNA were generated by PCR amplification
of the replicon open reading frame (ORF) from sequence-verified
plasmid. The modRNA was produced by IVT (Invitrogen MegaScript
T7 AM1333) with N1-methyl pseudouridine-50-triphosphate (TriLink
Biotechnologies) completely replacing uridine triphosphate (UTP).64

RNA was purified by LiCl precipitation and capped using a vaccinia
capping enzyme and 20-O-methyltransferase (Cellscript). Capped
RNAwas buffer exchanged and concentrated in 10KMWCOPES cen-
trifugal filters (Sartorius) before loading onto HPLC for reverse-phase
chromatography purification as previously described.65 RNA purity
was verified by spectrophotometry using NanoDrop One equipment
(Thermo Fisher). Typical absorbance ratios of RNAs used in this study
were A260/280 �2.01–2.03 and A260/230 �2.1–2.18.
LNP Formulation of Replicons and LNP Characterization

1,2-Dioleoyl-3-trimethylammonium-propane (DOTAP), 1,2-dis-
tearoyl-sn-glycero-3-phosphocholine (DSPC), and 1,2-distearoyl-
sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene gly-
col)-2000] (DSPE-PEG2000) were purchased from Avanti Polar
Lipids. Cholesterol was obtained from Millipore-Sigma. LNPs were
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made by a modified ethanol dilution process39 using a molar ratio of
lipid components at 40:10:48:2 DOTAP/DSPC/cholesterol/DSPE-
PEG mole ratios, and an 8:1 N/P molar ratio of DOTAP nitrogen
to RNA phosphate groups. In brief, equal volumes of lipid mixture
(in ethanol) and replicon RNA (in 100 mM citrate buffer [pH 6.0])
were mixed by vigorous pipetting, followed by addition of equal vol-
ume of buffer. Particles are equilibrated for 1 h at room temperature
in a platform rocker and subsequently dialyzed in PBS for 1 h at room
temperature using a 20K MWCO Slide-A-Lyzer mini dialysis device
(Thermo Fisher). Particle characterization included size measure-
ments by light scattering using Zetasizer Nano ZSP equipment
(Malvern) and cryoelectron microscopy using a JEOL 2100F trans-
mission electron microscope in the Swanson Biotechnology Center
Nanotechnology Core at the Koch Institute, MIT. Quantification of
RNA encapsulation was done using the Quan-iT RiboGreen RNA
assay kit (Thermo Fisher) following the manufacturer’s instructions.
Particles were resuspended in Tris-EDTA with or without Triton
X-100 (0.5% v/v). Percent of RNA encapsulation was calculated
following the formula: % encapsulation = 100 � (RNA concno Triton

� 100/RNA conc+Triton).

In Vitro Transfection Analysis

C2C12 cells were grown in DMEM supplemented with 10% fetal
bovine serum (FBS; Sigma) up to 50% confluency. Subsequently, cells
were electroporated (one pulse, 1,400 mV, 20 ms) using the Neon
Transfection System (Thermo Fisher Scientific) following themanufac-
turer’s instructions. Typically, 50,000 cells were transfected with 100 ng
replicon RNA. Cells were then seeded in complete growthmedium in a
24-well plate. Culture supernatants were collected after 24 h and used
in ELISA assays to detect expression of eOD-GT8 60-mer. In brief,
Nunc MaxiSorp 96-well plates were coated overnight with murine
VRC01 chimera antibody,66 then blocked for 2 h with PBS containing
10% BSA. Supernatants from transfected cells were added at different
dilutions and incubated for 2 h. GT8 protein was detected using human
VRC01 antibody, followed by 1:5,000 goat anti-human IgG-horse-
radish peroxidase (HRP) antibody conjugate (Bio-Rad). Concentration
of eOD-GT8 60-mer in cell supernatants was calculated based on a
standard curve done using purified eOD-GT8 60-mer protein.

To assess assembly of the eOD-GT8-lumazine synthase fusions into
nanoparticles following expression from replicons, 5� 106 HEK cells
were electroplated using the Neon transfection system (Thermo
Fisher Scientific) with 10 mg replicon RNA and were seeded in
Expi293 serum-free expression media. Control cells were left untrans-
fected as controls. Forty-eight hours later, cell supernatants from
transfected and control cells were collected and dialyzed against de-
ionized H2O using a 1,000-kDa MWCO membrane to remove low-
molecular-weight contaminants, followed by cryoTEM imaging on
a JEOL 2100F TEM.

Animals

Female C57BL/6, albino C57BL/6 [B6(Cg)-Tyrc2-J/J], or BALB/c mice
6–8 weeks of age were purchased from the Jackson Laboratories
and handled under state, local, and federal guidelines following an
Institutional Animal Care and Use Committee (IACUC)-approved
protocol. Male and female VRC01 gH mice6,7 6–8 weeks of age
were housed and immunized following an IACUC-approved
protocol.

Immunizations in Wild-Type Mice

Groups of C57BL/6 mice were immunized i.m. with indicated doses
of LNP-formulated replicons or eOD 60-mer protein nanoparticles
mixed with 5 mg of an immune-stimulating complexes (ISCOMs)-
like saponin adjuvant. The ISCOMs adjuvant was prepared as previ-
ously described.66 IgG responses were characterized by ELISA anal-
ysis of serum. In brief, NUNCMaxiSorp plates were coated overnight
with 1 mg/mL purified recombinant eOD 60-mer in PBS. Subse-
quently, plates were blocked for 2 h with PBS plus 10% BSA. Mouse
sera were initially diluted 50� in blocking buffer, followed by 3� se-
rial dilutions. Diluted sera were transferred to blocked plates and
incubated for 2 h. Anti-eOD IgG was detected using goat anti-mouse
IgG-HRP-conjugated antibody (Bio-Rad) at 1:5,000. IgG isotypes
were detected using anti-mouse IgG1 (clone RMG1-1), IgG2a (clone
RMG2a-62), or IgG2b (clone RMG2b-1) biotin-conjugated anti-
bodies (BioLegend) diluted at 1:500, followed by 1:5,000 streptavi-
din-HRP conjugate. All titers reported are inverse dilutions where
reference wavelength (A450nm � A540nm) equals 0.08.

Luciferase Imaging

To detect expression of luciferase over time, groups of albino C57BL/6
or BALB/c mice were injected i.m. with indicated doses of LNP-
formulated replicons coding for Firefly luciferase. D-luciferin sus-
pended in PBS was injected intraperitoneally (150 mg/kg body
weight) in anesthetized animals 10 min prior to bioluminescence im-
age acquisition on a Xenogen IVIS Spectrum Imaging System
(Caliper Life Science). Living Image software version 4.5 (Caliper
Life Science) was used to acquire and quantitate bioluminescence
image datasets.

GC and T Follicular Helper Cell Analysis

Groups of 8-week-old C57BL/6 mice were immunized with eOD-ex-
pressing replicon as stated above or with 2 mg eOD (GT8 d41m3)-
60-mer protein administered s.c. at the tail base along with 5 mg
ISCOMATRIX-like saponin nanoparticle adjuvant. Saponin nano-
particle adjuvant was synthesized as previously described.67 Mice
were sacrificed at days 12, 21, and 33, and their draining lymph no-
des were harvested and processed into a single-cell suspension for
flow cytometry analysis. Samples were stained with Live/Dead
Aqua (Life Technologies) for 15 min at 25�C, then treated with
anti-CD16/32 Fc block (BioLegend). Cells were then stained for
30 min at 4�C with the following antibodies acquired from Bio-
Legend or BD Biosciences: B220 (RA3-6B2), CD38 (90), CD4
(RM4-5), CD86 (GL-1), CXCR5 (L138D7), CXCR4 (2B11), GL-7
(GL7), ICOS (7E.17G9), and PD-1 (J43). Antigen-specific GC re-
sponses were detected with Alexa Fluor 647-tagged eOD-60-mer
(A20186; Thermo Fisher). Antigen-specific GC B cells were gated
as (live, B220+, CD4�, CD38lo, GL7+, eOD+), and Tfh cells were
gated as (live, CD4+, B220�, CXCR5hi, PD1hi).
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VCR01 gH Knockin Mouse Immunizations and BCR Sequencing

Groups of 6- to 8-week-old VRC01 gH mice were immunized i.m.
with eOD-expressing replicon or intraperitoneally with 20 mg of
eOD (GT8 d41m3)-60-mer protein and Sigma Adjuvant System.
IgG responses were characterized by ELISA at days 14 and 42. Several
mice per group were sacrificed at days 14 and 35; cell preparations
were made from the spleens and sacral, sciatic, lumbar, popliteal, iliac,
mesenteric, and inguinal lymph nodes; B cells were purified, and sin-
gle B cells were sorted as previously described,6 except that the cells
were sorted as eOD-GT8 double positive (two colors) and eOD-
GT8-KO11 negative (one color); BCR sequences were obtained by
RT-PCR, barcoding, and next-generation sequencing as previously
described.6

ELISA for Detection of Serum Antibody

ELISAs were performed to investigate the polyclonal response in sera
of eOD-GT8-primed VRC01 gH mice and to verify the epitope spec-
ificity of induced antibodies to the eOD-GT8 proteins. eOD-GT8
antigens were diluted to 2 mg/mL in coating buffer (PBS [pH 7.4];
Catalog #10010-023; Thermo Scientific), and 25 mL was added to
each well of ELISA plates (Corning 96-Well Half-Area Plates, Catalog
#3690) and allowed to adhere overnight at 4�C. Plates were washed
three times with PBS containing 0.2% (v/v) Tween (PBST) (Tween
20; Catalog #P1379-1L; Sigma) using an automated microplate
washer (405 TS Washer; BioTek Instrument). To block non-specific
binding, PBST containing 5% (w/v) skim milk (BD Difco Skim
Milk Catalog #232100) and 1% (v/v) FBS (Catalog #16000044;
Thermo Fisher) was added and incubated for 1 h at room temperature
(RT). Following a washing step as outlined above, plates were incu-
bated for 1 h at 37�C with serial dilutions of the sera in binding buffer
(1% [v/v] FBS in PBST, 25 mL/well). As controls, the last row of each
plate was incubated with binding buffer alone (no primary antibody).
Following a washing step, plates were incubated for 1 h at RT with the
Peroxidase-conjugated Goat Anti-Mouse IgG (1:5,000; Catalog #115-
035 166; Jackson ImmunoResearch). Plates were then washed five
times with PBST and incubated with 25 mL/well of TMB Chromogen
Solution (Catalog #002023; Thermo Fisher) as substrate. The reaction
was terminated by addition of 25 mL of 0.5 M H2SO4, and absorbance
was read at 450 and 570 nm on a VERSAmax plate reader (Molecular
Devices, USA). Background subtraction was performed by subtract-
ing the 570 nm value from the corresponding 450 nm value. The
data were subsequently analyzed in Prism (Prism v.7; GraphPad Soft-
ware, La Jolla, CA, USA) that computes the AUC by the trapezoidal
method, which is based on connection of a straight line between every
set of adjacent points defining the curve and on a sum of the areas
beneath these areas.
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