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bone-marrow-derived antigen-presenting cells and may involve
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Introduction

Summary

Self-amplifying mRNAs (SAM®) are a novel class of nucleic acid vaccines,
delivered by a non-viral delivery system. They are effective at eliciting
potent and protective immune responses and are being developed as a
platform technology with potential to be used for a broad range of tar-
gets. However, their mechanism of action has not been fully elucidated.
To date, no evidence of in vivo transduction of professional antigen-pre-
senting cells (APCs) by SAM vector has been reported, while the antigen
expression has been shown to occur mostly in the muscle fibres. Here we
show that bone-marrow-derived APCs rather than muscle cells are respon-
sible for induction of MHC class-I restricted CD8 T cells in vivo, but
direct transfection of APCs by SAM vectors is not required. Based on all
our in vivo and in vitro data we propose that upon SAM vaccination the
antigen is expressed within muscle cells and then transferred to APCs,
suggesting cross-priming as the prevalent mechanism for priming the
CD8 T-cell response by SAM vaccines.

Keywords: antigen-presenting cells; cross-presentation; muscle cells; nu-
cleic-acid-based vaccines; self-amplifying mRNA

viruses. Moreover, they induce more efficient and stron-
. . .3
ger CD8 responses compared with subunit vaccines.

Nucleic-acid-based vaccines have the potential to combine
the benefits of live-attenuated vaccines, viral vectors and
subunit vaccines."” Live-attenuated vaccines and viral
vectors are very immunogenic but they are inefficient in
subjects that have pre-existing immunity and are generally
not good boosters because they generate neutralizing anti-
bodies after the first dose. Subunit vaccines are safe
but induce a poor CD8 T-cell response. By contrast,
DNA-based and RNA-based vaccines do not generate
anti-vector immunity, can be used for multiple doses,
work in all subjects, are easy to manufacture and are
often less reactogenic compared with live attenuated

To date, the majority of pre-clinical and clinical studies
using nucleic-acid-based vaccines have been conducted
with plasmid DNA*® and DNA-based viral vectors.®
However, DNA-based vaccines were found to be less
effective in humans’ '® compared with models in small
animals, in which they are able to induce potent immune
responses.'’ The use of electroporation has increased the
immunogenicity of DNA vaccines in humans. Recently,
electroporation of a human papillomavirus therapeutic
DNA vaccine induced good antibody and CD8 T-cell
responses.'” However, this delivery system for preventing
vaccines is difficult to implement.

Abbreviations: APCs, antigen-presenting cells; BHK, baby hamster kidney; BM, bone marrow; DC, dendritic cells; DMEM,
Dulbecco’s modified Eagle’s medium; DT, diphtheria toxin; FBS, fetal bovine serum; IFN-v, interferon-y; LNP, lipid
nanoparticle; mRNA, messenger RNA; NP, nucleoprotein; RANTES, Regulated on Activation, Normal T Expressed and Secreted;

SAM, self-amplifying mRNA; VRP, viral replicon particle
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More recently, RNA-based vaccines, both mRNA and
self-amplifying mRNA (SAM®), are becoming an attrac-
tive alternative to DNA for gene vaccination.'>'® Unlike
DNA, RNA cannot be integrated into the host cell’s gen-
ome, which reduces the risk of gene dysregulation.'’
Moreover, mRNA is produced using a cell-free enzymatic
transcription reaction, increasing production yields and
avoiding safety concerns associated with the use of living
organisms.ls’19 On the other hand, RNA vaccines mimic
a live infection by expressing the antigens in situ after
immunization, and inducing an immune response against
the encoded antigen.”® > Moreover, mRNA-based vacci-
nes have the additional advantage that their sequences
can be easily manipulated to improve their intrinsic
capacity to stimulate the innate immune system or even
to induce expression of additional molecules which can
then stimulate innate immunity or function as co-stimu-
latory molecule, finally leading to an enhancement of the
antigen-specific immune responses.”*2®

We have previously described the SAM vaccine tech-
nology,'®* ! based on a synthetic SAM, delivered by a
synthetic lipid nanoparticle (LNP), which is currently in
pre-clinical development and may soon be evaluated in
humans. The use of an LNP, first explored for systemic
delivery of small interfering RNA,’>** constitutes a novel
vaccine delivery system that can successfully replace the
more common viral delivery of self-amplifying mRNA
using viral replicon particles (VRPs).**?> In fact, it was
shown that the delivery of a 9-kb self-amplifying RNA
encapsulated within LNP increases the potency of
self-amplifying RNA, avoiding the complications of
anti-vector immunity associated with the viral delivery
but leading to an immune response comparable to that
triggered by VRPs.*

This technology uses an SAM based on an alphavirus
genome,”® which contains genes encoding the viral repli-
case complex responsible for the amplification of the
RNA, but lacks the genes encoding the viral structural
proteins required to produce infectious viral particles.
The viral structural proteins are replaced by genes encod-
ing protein antigens, which are expressed from a subge-
nomic mRNA. In this way, RNA amplification within the
cytoplasm of transfected cells produces many copies of
the antigen-encoding mRNA, leading to high levels of
antigen expression. In addition, double-stranded RNAs
(dsRNAs), that are produced during RNA replication,
may act as potent stimulators of innate immunity
resulting in the induction of an enhanced immune
response.”” > Hence, SAM vaccines have the potential to
be more effective than corresponding mRNA vaccines.

The SAM vaccines are effective at eliciting broad,
potent and functional immune responses against different
infectious targets in multiple animal models.*>?%***!
However, the mechanism by which SAM vectors activate
the immune system has not been fully elucidated. In
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particular, while the cell uptake of small conventional
non-amplifying mRNA is known,** and numerous studies
have described that locally administered naked mRNA is
taken up by cells in target tissues,"> ** it is not known
how larger self-amplifying mRNA are acquired by cells.

Preliminary evidence suggests that muscle cells may
play a role in this process. Wolff et al.*® first demon-
strated that mRNA could directly transfect muscle cells
when injected in vivo, resulting in the expression of the
encoded protein. Following Wolff’s results, many studies
have shown that intramuscular injection of mRNA-
encoding reporter genes results in protein expression in
myocytes:.zg’MA8 In fact, it has been reported that, when
mRNA is delivered naked (formulated in buffer without a
delivery system), encapsulated, or through a gene gun
delivery tool, expression is mostly observed in somatic
cells.*"*

To date, no evidence of in vivo transfection of antigen-
presenting cells (APCs) by the SAM vectors has been
reported, while the antigen expression has been shown to
occur mostly in the muscle fibres after administration
with a lipid-based delivery system,*' leading to the ques-
tion of whether somatic muscle cells are able to prime
CD8 T cells.

The present study was designed to investigate the
respective contribution of muscle cells and bone marrow
(BM) -derived professional APCs to CD8 T-cell priming,
following SAM vaccine immunization. To address this
question, we used chimeric mice that express different
MHC class I alleles on BM-derived APCs and muscle cells
and the influenza intracellular antigen nucleoprotein
(NP) as model antigen. Then we studied CD8 T-cell
priming following immunization with a self-amplifying
mRNA encoding NP antigen encapsulated in an LNP
non-viral delivery system [SAM (NP/LNP)] or delivered
with a viral replicon particle, produced using a packaging
cell line [VRP (NP)], or formulated in buffer without a
delivery system [Naked SAM (NP)].

Materials and methods

Mice

Animals were housed in the Novartis Vaccines Animal
Facility and experiments were approved and conducted
according to the Institutional Animal Care and Use Com-
mittee guidelines. Female, C57BL/6, C3H and B6C3F1
mice, 7-8 weeks of age, used for the generation of BM
chimeras were purchased from Charles River Laboratory
(Calco, Italy). CD11c.DOG mice, expressing diphtheria
toxin receptor under the control of the long CD11c pro-
moter, were kindly provided by N. Garbi (Institute of
Molecular Medicine and Experimental Immunology,
Bonn, Germany). In these mice, treatment with diphtheria
toxin (DT) results in dendritic cell (DC) depletion.50

313



S. Lazzaro et al.

Generation of BM chimeric mice

Chimeras were prepared as follows. One week before irradi-
ation, recipient mice were given antibiotic drinking water.
Water was first autoclaved and then supplemented with
10 pg/ml neomycin (Sigma, St Louis, MO) and 10 pg/ml
polymyxin B sulphate (Sigma). Recipient mice were irradi-
ated with approximately 1000 Rad from an X-ray machine
source, delivered in two equal doses of 500 Rad given 1 hr
apart. Mice were maintained with antibiotic water for
2 weeks after irradiation and then switched to drinking
water for the rest of the experimental period. Bone marrow
was harvested from the femurs of donor mice and pro-
cessed to generate a single-cell suspension. After red-cell
lysis using RBC lysis buffer (Biolegend, San Diego, CA), T
and natural killer cells were depleted by incubation with
CD3 and NKp46 biotin antibodies (Miltenyi Biotec, Ber-
gisch Gladbach, Germany) followed by microbeads incuba-
tion and magnetic cell separation (Miltenyi Biotec). Five
hours after the irradiation, about 2:5 x 10° BM cells were
injected by tail vein into each of the recently irradiated
recipient mice. The extent of chimerism in each mouse was
confirmed by staining peripheral blood cells with FITC-la-
belled anti-H-2" and phycoerythrin (PE) -labelled anti-H-
2% antibodies (BD Pharmingen, San Diego, CA).

RNA synthesis

Influenza NP gene was amplified from the cDNA of influ-
enza A/Puerto Rico/34/2007 (HIN1), using forward primer
5'-GTG AGC GTC GAC GCC ACC ATG GCG TCC CAA
GGC ACC AAA C-3' and reverse primer 5-GAT TGC
GGC CGC TTA ATT GTC GTA CTC CTC TGC ATT GTC
TCC G-3'. Amplicon was cloned as a Sall and Notl frag-
ment into an optimized replicon construct.”**® Plasmid
DNA encoding the NP replicon clone was amplified in
Escherichia coli and purified using the QiagenPlasmid Maxi
kit (Qiagen, Hilden, Germany). DNA was linearized imme-
diately downstream from the 3’ end of the replicon by
endonuclease digestion and purified by phenol/chloroform
extraction and ethanol precipitation. DNA template was
transcribed into RNA using the MEGAscript T7 transcrip-
tion kit (Life Technologies, Grand Island, NY) and purified
by LiCl precipitation. RNA was then capped using the
ScriptCap m7G Capping System (CellScript, Madison, WI)
and purified again by LiCl precipitation. RNA was resus-
pended in RNAse-free water and its integrity was evaluated
on 1% denaturing agarose-LE gel (Ambion-Life Technolo-
gies, Grand Island, NY).

BHK cell transfection and analysis of expressed NP

Eighty per cent of confluent baby hamster kidney (BHK)
cells were transiently transfected in a six-well plate with
3 pg of RNA using Lipofectamine 2000 (Life Technologies).
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RNA and Lipofectamine were first added to 250 pl each of
OptiMem Reduced Serum Media (Life Technologies) and
incubated for 5 min at room temperature. Two hundred
and fifty microlitres of Lipofectamine was then added and
the mix was incubated for 20 min at room temperature.
Culture media (Dulbecco’s modified Eagle’s medium
(DMEM; Gibco-Life Technologies, Grand Island, NY) con-
taining 5% fetal bovine serum (FBS; EuroClone, Pero MI,
Italy) and 1x Pen/Strep/Glut (Gibco-Life Technologies)
was removed from the cells and 500 pl of Lipofectamine
complexed RNA was added to the cells. After 18 hr, cells
were trypsinized and stained with the Live/Dead Fixable
Yellow viability marker (Molecular Probes-Life Technolo-
gies, Eugene, OR). Cells were then fixed and permeabilized
with Cytofix/Cytoperm (BD Biosciences, San Jose, CA),
washed with Perm-wash buffer (BD Biosciences) and
stained with an FITC-labelled anti-NP antibody (Thermo
Fisher Scientific, Waltham, MA). Stained cells were
acquired on an LSR II flow cytometer (BD Biosciences) and
analysed with rLowjo software (TreeStar, Ashland, OR).

Transfected cells were also lysed using RIPA buffer
(Sigma) supplemented with complete protease inhibitor
cocktail (Roche, Mannheim, Germany). Lysates were sep-
arated under reducing conditions on a 4-12% Bis—Tris
polyacrylamide gel in MOPS electrophoresis buffer (Life
Technologies) and blotted to nitrocellulose membrane
(Life Technologies). NP was detected with anti-NP
antibody (HB65 purified Hybridoma; ATCC Clone H16-
R10-4R5).

Production of VRPs

Viral replicon particles were produced in BHK cells as
previously described.”® In this system, the antigen
expressing alphavirus chimeric replicon vector derived
from the genome of Venezuelan equine encephalitis virus
engineered to contain the 3’ untranslated region and the
packaging signal of Sindbis virus (SV), was electroporated
into BHK cells along with defective helper RNAs encod-
ing the Sindbis virus capsid and glycoprotein genes. After
20-24 hr, replicon particles expressing NP were harvested
from the culture supernatants and titrated by standard
methods. For vaccination, 10 infectious VRPs were deliv-
ered bilaterally intramuscularly in mouse quadriceps.

LNP/RNA formulation

Encapsulation of RNA within LNP was performed as
previously described.” Briefly, the lipids 1,2-dilinoleyloxy-
3-dimethylaminopropane (DLinDMA),>"  1,2-diastearoyl-
sn-glycero-3-phosphocholine (DSPC; Genzyme, Cambridge,
MA), 1,2-Dimyristoyl-sn-glycero-3-phosphoethanolamine-
N-[methoxy(polyethylene glycol)-2000] (ammonium salt)
(PEG-DMG 2000; Avanti Polar Lipids, Alabaster, AL) and
cholesterol (Sigma-Aldrich, St Louis, MO) were combined
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at a molar ratio of 40:10:2:48 molar per cent
(DLinDMA : DSPC : PEG-DMG 2000 : cholesterol) by
an ethanol dilution process to produce the LNP. An
8:1N:P (nitrogen on DLinDMA : phosphate on
RNA) molar ratio was used. Equal volumes of lipid in
ethanol (Sigma-Aldrich) and RNA in 100 mwm citrate buf-
fer, pH 6-0 (Teknova, Hollister, CA) were mixed through
a T-junction via a KDS-220 syringe pump (kdScientific,
Holliston, MA), and a third syringe with equal volume of
buffer was added simultaneously to the lipid/RNA mix-
ture. The resulting LNPs were dialysed overnight at 4°
against 1x PBS (Ambion-Life Technologies) pH 7-4 using
Pierce slide-A-Lyzer® G2 dialysis cassettes (Thermo Fisher
Scientific) with a 3-5K membrane molecular weight cut
off. For in vitro and in vivo experiments, formulations
were diluted to the required RNA concentration with 1x
PBS (Ambion-Life Technologies). Formulations were
characterized for particle size, RNA concentration, encap-
sulation efficiency and RNA integrity (using gel elec-
trophoresis) after the formulation process as previously
described®® with slight modifications. Particularly, RNA
was extracted from the LNPs by addition of a 400-pl
sample to 1-5 ml ethanol (Sigma-Aldrich) and 50 pl of
3 M sodium acetate pH 5-2 (Sigma-Aldrich). After cen-
trifugation the pellet was suspended in nuclease-free water
(Ambion-Life Technologies) and used for RNA analysis
by gel electrophoresis on mini-gel TAE (Tris—acetate
EDTA buffer) 1% agarose gels (Bio-Rad, Hercules CA)
and run at 100 V. Gel was stained using 0-1% (vol/vol)
SYBR gold according to the manufacturer’s instructions
(Molecular Probes-Life Technologies). Images were taken
on a Gel Doc EZ imaging system (Bio-Rad).

Immunizations and MHC I Dextramers staining

Chimeric mice were immunized bilaterally intramuscularly
(50 pl per quadriceps) on days 0 and 28. One hundred
microlitres of heparinized blood was collected and stained
with 10 pl of allophycocyanin-labelled H-2D?/ASNEN-
METM and PE-labelled H-2K¥/SDYEGRLI MHC I Dex-
tramers (Immudex, Copenhagen, Denmark). Ten
microlitres of the following antibodies mix was added:
peridinin chlorophyll protein Cy5.5-labelled anti-CD3,
V500-labelled anti-CD4 and V450-labelled anti-CD44 (all
from BD Biosciences) and PE Texas Red-labelled anti-CD8
(Molecular Probes-Life Technologies). Red blood cells were
lysed using RBC Lysis buffer (eBioscience, San Diego, CA).
Cells were then washed once with PBS (Gibco-Life Tech-
nologies), fixed with Cytofix (BD Biosciences) and acquired
using an LSR II SOS1 flow cytometer (BD Bioscience).
FLowjo software (TreeStar) was used to analyse the acquired
data. Double positive cells for MHC-I Dextramers and
CD44 were gated on the CD3"*, CD8" T-cell population.
For experiments with CD11c¢.DOG mice, long-term deple-
tion of DCs was obtained by DT (Sigma) treatment as fol-
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lows. CD11c¢.DOG mice were injected with DT (16 ng/g of
body weight in PBS) intraperitoneally 2 days before immu-
nization and then intraperitoneally and subcutaneously at
days —1, +1, +3, +5 and +7 with respect to immunization,
and CD11c" cell depletion on the day of immunization was
confirmed in peripheral blood using flow cytometry.

In vitro restimulation of antigen-specific CD8 T cells and
intracellular cytokines staining

To measure CD8 T-cell responses, spleens were harvested
and single-cell suspensions were prepared. Splenocytes
were plated at 2 x 10° cells/well in 96-well U-bottom
plates in RPMI-1640 medium (Gibco-Life Technologies)
supplemented with 25 mm HEPES (Gibco-Life Technolo-
gies), 10% heat inactivated FBS (low endotoxin; HyClone,
Logan, UT), 1x Pen/Strep/Glut (100x; Gibco-Life Tech-
nologies) and 50 pm f-mercaptoethanol (Sigma), and
stimulated with 5 pg/ml of H-2K* restricted CD8 T-cell-
specific NP peptide (SDYEGRLI) or H-2D” restricted
CD8 T-cell-specific NP peptide (ASNENMETM) in the
presence of 5 pg/ml of Brefeldin A (Sigma). At the same
time, FITC-labelled anti-lamp1 antibody (BD Biosciences)
was added to each stimulus as a CD8 T-cell cytotoxicity
marker. After culturing for 4 hr at 37°, cells were washed
and stained with Live/Dead Fixable Near-IR viability mar-
ker (Molecular Probes-Life Technologies). Cells were then
fixed and permeabilized with Cytofix/Cytoperm (BD Bio-
sciences), washed with Perm-wash buffer (BD Bio-
sciences) and stained with the following antibodies:
peridinin chlorophyll protein Cy5.5-labelled anti-CD3,
V450-labelled anti-CD44, V500-labelled anti-CD4 (all
from BD Bioscience), PE Texas red-labelled anti-CD8
(Molecular Probes-Life Technologies), PE-labelled anti-in-
terferon-y (BD Bioscience). Cells were acquired on an
LSR II SOS1 flow cytometer (BD Biosciences) and anal-
ysed with rLowjo software (TreeStar). Double-positive
cells for IFN-y and CD44 and Lampl® cells were gated
on the CD3", CD8" T-cell population.

C,C;, infection

C,Cy> (H-25) mouse myoblasts cells were obtained from
ATCC (Rockville, MD) and maintained in high-glucose
DMEM (Gibco-Life Technologies) supplemented with
10% FBS (EuroClone) and 1x Pen/Strep/Glut (Gibco-Life
Technologies). For the in vivo immunization with NP-ex-
pressing myoblasts, C,C;, cells were infected using VRPs
expressing NP. The day before infection, C,C;, cells were
plated in a 175-cm” cell culture flask in culture media
without antibiotics. Culture medium was then removed
and 8 ml of DMEM containing only 1% FBS and 10°
VRP (NP) infectious units were added to the cells. After
incubation at 37° for 4 hr, 8 ml of complete culture med-
ium were added to the cells for an overnight incubation.
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Cells were then washed with PBS, trypsinized and further
analysed by flow cytometry for NP and H-2* expression
using an FITC-labelled anti-NP (Thermo Fisher Scien-
tific) and a PE-labelled anti- H-2K* (BD Biosciences)
antibodies. A total of 3 x 10° NP C,C,, myoblasts were
injected in five separate sites for each quadriceps muscle
in a volume of 50 pl per leg.

Generation of BM-derived DCs and isolation of CDI1c"
DCs

The BM-DCs were induced from BM cells obtained from
6- to 8-week-old C3H mice as previously described.”
Briefly, a single-cell suspension was prepared from BM
obtained from femurs. After lysing red blood cells, 2 x 10°
BM cells were cultured in RPMI-1640 medium (Gibco-Life
Technologies) supplemented with 25 mm HEPES (Gibco-
Life Technologies), 10% heat inactivated FBS (low endo-
toxin; HyClone), 1x Pen/Strep/Glut (100x; Gibco-Life
Technologies), 50 um f-mercaptoetanol (Sigma), 10 ng/ml
mouse granulocyte-macrophage colony-stimulating factor
and 5 ng/ml mouse interleukin-4 (both from Miltenyi
Biotec) in 10-cm diameter Petri dishes at 37° in 5% CO,.
Supplemented medium was replaced every 3 days. On day
8, non-adherent cells and DCs were collected and analysed
for CDI11c expression by flow cytometry using allophy-
cocyanin-eFluor780-labelled anti-CD11c antibody (eBio-
science). All the prepared BM-DC populations used
expressed CD11c on at least 90% of the cells. Primary DCs
were obtained as follows. Spleens from 6- to 8-week-old
C3H mice were harvested, cut into small fragments and
treated with 2 mg/ml of collagenase D (Roche) and 0-5 of
mg/ml DNase I (Sigma) in RPMI-1640 medium (Gibco-
Life Technologies) for 30 min at 37° under continuous
agitation. Cell suspension was then filtered through a
30-um strainer (BD Biosciences) and DCs were isolated
using magnetic CD11c MicroBeads (Miltenyi Biotec).

LNP/RNA in vitro transfection

C,Cy,, BM-DCs and primary DCs were transfected using
serial dilutions of LNP formulated SAM (NP). The for-
mulation was diluted in DMEM (Gibco-Life Technolo-
gies) containing only 1% FBS (EuroClone) for BHK and
C,C,, cells or RPMI-1640 medium (Gibco-Life Technolo-
gies) supplemented with 25 mm HEPES (Gibco-Life Tech-
nologies), 10% heat inactivated FBS (low endotoxin;
HyClone), 1x Pen/Strep/Glut (100x; Gibco-Life Technol-
ogies) and 50 pm f-mercaptoetanol (Sigma) for BM-DCs.
Cells were incubated at 37° for 18 hr. The medium was
then removed, and cells were trypsinized and stained with
the Live/Dead Fixable Yellow viability marker (Molecular
Probes-Life Technologies). BM-DCs and primary DCs
were stained also with allophycocyanin-eFluor780-labelled
anti-CD11c antibody (eBioscience). Cells were fixed and
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permeabilized with Cytofix/Cytoperm (BD Biosciences),
washed with Perm-wash buffer (BD Biosciences) and
stained with an FITC-labelled anti-NP antibody (Thermo
Fisher Scientific) and an anti-dsRNA antibody (Scicons,
Szirak, Hungary), previously conjugated with an Invitro-
gen Zenon Allophycocyanin Labeling kit. Stained cells
were acquired on an LSR II SOS1 flow cytometer (BD
Biosciences) and analysed with rLowjo software (TreeS-
tar). For analysis of BM-DCs and primary DCs, NP* and
dsRNA" DCs were gated on CD11c" cells.

Migration assay

C,C); cells were infected with 2 x 10° IU VRPs expressing
NP or transfected with 100 ng LNP formulated SAM (NP)
in a 24-well plate. Cells were trypsinized, washed with PBS
(Gibco-Life Technologies) to remove any residual VRP or
LNP and plated in new wells. After 5-6 hr, BM-DCs were
seeded inside trans-well inserts with a 10-pm thick poly-
ethylene membrane containing 0-4-pm diameter pores
(BD-Falcon, Franklin Lakes, NJ) on top of VRP-infected or
LNP-transfected C,C,, cells for 2 hr at 37°. The DCs in the
upper and lower compartments of the trans-well chamber
were collected, washed and stained with Live/Dead Fixable
Yellow viability marker (Molecular Probes-Life Techno-
logies), allophycocyanin-eFluor780-labelled anti-CD11c
(eBioscience) and Alexa Fluor 700-labelled anti-CD45.2
(eBioscience) antibodies. Cells were then fixed and perme-
abilized with Cytofix/Cytoperm (BD Biosciences), washed
with Perm-wash buffer (BD Biosciences) and stained with
an FITC-labelled anti-NP antibody (Thermo Fisher Scien-
tific) and allophycocyanin-labelled anti-dsRNA antibody
(Scicons). Stained cells were acquired on LSR II SOS1 flow
cytometer (BD Biosciences) and analysed with FLowjo soft-
ware (TreeStar). NP* and dsRNA* BM-DCs were gated on
CD11c and CD45.2 double-positive cells.

Statistical analysis

All results are representative of at least two independent
experiments with similar results. All statistics were per-
formed using GRAPHPAD PRISM 6 software (GraphPad Soft-
ware, S. Diego, CA). The unpaired two-sample Student’s
t-test was used. P-values < 0-05 were considered statisti-
cally significant; *P < 0-05; **P < 0-01; ***P < 0-001.

Results

BM-derived professional APCs are responsible for
direct priming of CD8 T cells upon SAM vaccination

To assess the respective contribution of muscle cells and
BM-derived APCs in priming CD8 T cells after SAM vacci-
nation, we generated chimeric mice transferring BM cells
from C57BL/6 mice expressing MHC molecules of the
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H-2" haplotype or C3H mice expressing MHC molecules of mouse was confirmed 8 weeks after reconstitution by stain-
the H-2* haplotype into irradiated B6C3F1 recipient mice ing peripheral blood cells with anti-H-2” and anti-H-2*
with a mixed H-2"* haplotype expressing MHC molecules antibodies, showing that almost 100% of the cells were
from both donors.”® The extent of chimerism in each derived from the corresponding donor (Fig. la). The
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Figure 1. Analysis of chimerism and characterization of Self-amplifying mRNA nucleoprotein [SAM (NP)] vector. (a) Peripheral blood cells from
chimeric mice were stained with FITC-labelled anti-H-2° and phycoerythrin-labelled anti-H-2* antibodies and analysed by flow cytometry. Repre-
sentative dot plots corresponding to the three groups of chimeric mice are shown for CD3" T cells and CD11c" dendritic cells. (b-d) SAM (NP)
vector was characterized analysing RNA integrity and antigen expression after transfection. (b) Denaturing RNA agarose gel electrophoresis:
molecular weight ladder (lane 1), SAM (NP) vector (lane 2). (c) Flow cytometry analysis of mock (grey filled) or SAM (NP) (unbroken line)
transfected baby hamster kidney (BHK) cells after intracellular staining with FITC-labelled anti-NP antibody. (d) Western blot analysis with anti-
NP of BHK cells mock transfected or transfected with pCMV (NP) vector or SAM (NP) vector.
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haematopoietic lineage cells in these chimeras, including
professional APCs, express only the MHC molecules of
donor haplotype (H—Zb or H—Zk), whereas the somatic cells,
such as myocytes, express both parental strain MHC alleles
(H-Zb"k). As control, irradiated B6C3F1 recipient mice
received homologous BM cells.

To study if, upon SAM immunization, CD8 T cells are
primed by professional APCs expressing either the H-2" or
the H-2 haplotype, or by muscle cells expressing both
MHC alleles, we used a SAM vector encoding for the
influenza NP antigen, SAM (NP), for which an H-2DY
(ASNENMETM) and an H-2K* (SDYEGRLI)-restricted
CD8 T-cell peptide are described.”® The NP gene was
amplified from the reverse-transcribed RNA genome of
influenza virus A/PR/8/34, and then cloned into the self-
amplifying RNA vector. The integrity of the transcribed
RNA was evaluated by agarose gel electrophoresis (Fig. 1b)
and the intracellular antigen expression was demonstrated
by intracellular staining and flow cytometry (Fig. 1c) or
Western blot analysis (Fig. 1d) after RNA transfection in
BHK cells with Lipofectamine. Groups of six or seven BM
chimeric mice were intramuscularly immunized twice with
a 4-week interval with SAM (NP) (1 pg) encapsulated in
an LNP formulation [SAM (NP/LNP)], a conventional
viral delivered replicon [VRP (NP)] [107 infectious units
(IU)], or PBS as negative control. 1, 2 and 4 weeks after
priming and 1 or 2 weeks after boost, antigen-specific
CD8 T cells in the peripheral blood were measured by
MHC-I Dextramer staining (Fig. 2a,b). We found that,
independently from the type of RNA delivery through
LNP or VRP, CD8 T-cell priming was restricted by the
MHC haplotype of donor BM-derived cells. Indeed, using
a C57BL/6-specific Dextramer (H-2DY/ASNENMETM),
2 weeks after priming NP-specific CD8 T cells could be
detected only in BL/6 chimera (H-2 - H-2"%) where
BM-derived professional APCs express H-2* MHC mole-

cules, but not in C3H chimera (H-2¥ —» H-2"%) where
only somatic cells express H-2" molecule (Fig. 2a, left
panel). On the contrary, using a C3H-specific Dextramer
(H-2K*/SDYEGRLI), we detected CD8 T cells only in C3H
chimera but not in BL/6 chimera (Fig. 2a, right panel),
suggesting that T cells were primed in vivo by BM-derived
antigen-presenting cells rather than muscle cells. As
expected in the control B6C3F1 chimera (H-2"* — H-
2P%) NP-specific CD8 T cells were detected using both
C57BL/6 and C3H-specific Dextramers. The same pattern
of MHC haplotype restriction was also observed 1 week
after boost. Moreover, the kinetics of NP-specific CD8 T
cells in the blood, analysed for each of the chimera groups,
revealed an increase in the CD8 response after the second
immunization with both VRP- and LNP-delivered SAM
(NP). The higher frequency of NP-specific CD8 T cells
was observed 2 weeks after priming and 1 week after
boost. However, the percentage of antigen-specific CD8 T
cells decreased 2 weeks after the boost with VRP, when T-
cell response was still persistent upon LNP immunization
(Fig. 2b). Three weeks after the second immunization,
splenocytes from each chimera group were stimulated
in vitro with either H-2D"-restricted or H-2K*-restricted
NP peptides and the frequency of IFN-y-producing CD8 T
cells was analysed. To investigate if CD8 T cells had a
cytotoxic phenotype, we also measured Lampl expression
on the cell surface (Fig. 2c). CD8 T cells from immunized
BL/6 Chimera were activated only upon stimulation with
H-2D"-restricted NP peptide (ASNENMETM) (Fig. 2, left
panel), while CD8 T cells from immunized C3H chimera
were activated only upon stimulation with H-2K*-restricted
NP peptide (SDYEGRLI) (Fig. 2¢, right panel). As
expected, we observed CD8 T-cell activation upon in vitro
stimulation with both NP peptides in B6C3F1 chimeras.
Moreover, we found that most of the in vitro responding
antigen-specific CD8 T cells were producing IFN-y and

Figure 2. CD8 T-cell priming, induced by self-amplifying mRNA (SAM) vaccine, is restricted to the MHC haplotype of donor and requires
CD11c" dendritic cells (DCs). (a—c) Groups of six or seven chimera mice were immunized intramuscularly on days 0 and 28 with either PBS,
viral replicon particle nucleoprotein [VRP (NP)] (107 TU) or SAM [NP/lipid nanoparticle (LNP)] (1 ng). (a) Two weeks after priming (upper
panels) and 1 week after boost (lower panels) frequency of NP-specific CD8 T cells in the blood was measured by staining with H-2D%ASNEN-
METM (left panels) or H-2K*/SDYEGRLI (right panels) Dextramers and flow cytometry analysis. Data from individual mice (dots) and the mean
(solid lines) are reported for each group. Graphs are divided into three sectors, one for each group of chimeric mice. Specific MHC haplotypes
of antigen-presenting cells (APCs) and myocytes are indicated at the bottom of the panels. (b) Mean of % of NP-specific CD8 T cells in each
chimeric group in the blood at the indicated time-points after immunization with SAM (NP/LNP), VRP (NP) and PBS. BL/6 and B6C3F1 chi-
meras were stained with H-2D?/ASNENMETM Dextramer, while C3H chimera was stained with H-2K*/SDYEGRLI Dextramer. (c) Three weeks
after the second immunization splenocytes were stimulated in vitro with 5 pg/ml of H-2D"-restricted CD8 T-cell-specific NP peptide (left panel)
or H-2K*-restricted CD8 T-cell specific NP peptide (right panel) and interferon-y-positive (IFN-y*) and Lamp1* CD8 T cells were detected by
intracellular staining and flow cytometry. Data are presented as the average plus standard deviation. Graphs are divided into three sectors, one
for each group of chimeric mice. Specific MHC haplotypes of APCs and myocytes are indicated at the bottom of the panels. Statistical analysis
was performed using unpaired two-sample Student’s t-test versus PBS control: *P < 0-05; **P < 0-01; ***P < 0-001. Data are representative of
three experiments. (d) untreated or diphtheria toxin (DT) -treated CD11c.DOG mice were immunized intramuscularly with SAM(NP/LNP)
(1 pg) and 8 days later the frequency of NP-specific CD8 T cells in the blood was measured by staining with H-2D?/ASNENMETM Dextramer
and flow cytometry analysis. Data from individual mice (squares) and the mean (solid lines) are reported for each group. Statistical analysis was
performed using unpaired two-sample Student’s t-test: ¥P < 0-05.
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expressed Lampl. In summary, these results demonstrate
that BM-derived professional APCs are responsible for
direct priming of MHC class-I restricted CD8 T cells
following SAM (NP/LNP) or VRP (NP) immunization.

To better evaluate the nature of APCs involved in CD8
T-cell priming by SAM vaccines and to verify if DCs are
required for such an event, we used CD11c.DOG mice
expressing the DT receptor under the control of the long
CDl1c promoter, in which treatment by DT induces a pro-
longed in vivo depletion of DCs.*® In agreement with pub-
lished data treatment of CD11c.DOG mice with DT, as
described in the Materials and methods, resulted in 60%
depletion of CD11c" cells (data not shown). DC-depleted
and non-depleted CD11c.DOG mice were immunized
intramuscularly with SAM (NP/LNP) (1 pg) and 8 days
later the frequency of NP-specific CD8 T cells in the
peripheral blood was measured by MHC-I Dextramer

H-2DYASNENMETM

staining. Untreated CD11c.DOG mice were able to develop
antigen-specific CD8 T cells upon SAM vaccination, but
priming of antigen-specific CD8 T cells was completely
abrogated in DC-depleted mice (Fig. 2d), suggesting that
CD11c¢" DCs are indeed required for initiation of the anti-
gen-specific CD8 T-cell response by SAM vaccines.

CDS8 priming by naked SAM is also initiated by
BM-derived APCs

To test if the mechanism for CD8 T-cell priming triggered
by SAM vectors was affected by the delivery system, we
compared the LNP-formulated SAM vector (1 pg) with a
10-fold higher dose of the same RNA vector administered
in buffer (naked SAM) for the induction of NP-specific
CD8 T cells in the peripheral blood of chimeric mice
2 weeks after priming. We found that CD8 T-cell priming
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Figure 3. Naked self-amplifying mRNAs (SAM) and lipid nanoparticle (LNP) formulated SAM induce CD8 priming by the same mechanism of
action. Groups of four or five chimera mice were immunized intramuscularly with either PBS, naked SAM nucleoprotein (NP) (10 pg) or SAM
(NP/LNP) (1 pg). Two weeks after priming, the frequency of NP-specific CD8 T cells in the blood was measured by staining with H-2D"/
ASNENMETM (left panel) or H-2K*/SDYEGRLI (right panel) Dextramers and flow cytometry analysis. Data from individual mice (dots) and the
mean (solid lines) are reported. Graphs are divided into three sectors, one for each group of chimeric mice. Specific MHC haplotypes of antigen-
presenting cells (APCs) and myocytes are indicated at the bottom of the panels. Statistical analysis was performed using unpaired two-sample
Student’s #-test versus PBS control: *P < 0-05; **P < 0-01. Data are representative of at least two experiments.

Figure 4. Immunization with antigen-expressing C,C,, myoblasts cell line induces a CD8 T-cell response restricted by the MHC haplotype of
donor bone marrow (BM) -derived antigen-presenting cells (APCs). (a) Not infected (grey line) and viral replicon particles (VRPs) nucleopro-
teins (NP) -infected (black line) C,C, cells were stained with FITC-labelled anti-NP antibody and analysed by flow cytometry. (b, ¢) Group of
four or five chimera mice were vaccinated intramuscularly on days 0 and 28 with PBS, NP-expressing C,C,, myoblasts (3 x 10°) or C,C,, cells
(3 x 10°. (b) One week after priming (upper panels) and 1 week after boost (lower panels), frequency of NP-specific CD8 T cells in the blood
was measured by staining with H-2D"/ASNENMETM (left panels) or H-2K*/SDYEGRLI (right panels) Dextramers and flow cytometry analysis.
Data from individual mice (dots) and the mean (solid lines) are shown. Graphs are divided into three sectors, one for each group of chimeric
mice. Specific MHC haplotypes of APCs and myocytes are indicated at the bottom of the panels. (c) Three weeks after boost splenocytes were
stimulated in vitro with 5 pg/ml of H-2D"-restricted CD8 T-cell-specific NP peptide (ASNENMETM) or H-2K*-restricted CD8 T-cell-specific NP
peptide (SDYEGRLI) and interferon-y-positive (IFNy") and Lamp1™ CD8 T cells were detected by intracellular staining and flow cytometry. Data
are presented as average plus standard deviation. Graphs are divided into three sectors, one for each group of chimeric mice. Specific MHC hap-
lotypes of APCs and myocytes are indicated at the bottom of the panels. Statistical analysis was performed using unpaired two-sample Student’s
t-test versus both PBS and C,C,, immunization controls: *P < 0-05; **P < 0-01. Data are representative of at least two experiments.
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was restricted by the MHC haplotype of donor BM-derived
cells after immunization with both naked and LNP-formu-
lated SAM vector (Fig. 3), suggesting that the mechanism
leading to CD8 T-cell priming upon SAM immunization is
independent from the delivery system.

Direct transfection of professional APCs by SAM
vaccine is not required for in vivo CD8 T-cell priming

Having established that professional APCs contribute to
SAM-mediated CD8 T-cell priming, we wondered
whether this was a result of antigen expression within the
transfected APCs or acquisition of antigen by APCs from
non-immune transfected cells, or a combination of both.
To assess whether APCs need to be directly transfected to
prime CD8 T cells, we took advantage of the myoblast
cell line C,C;,, which is derived from the C3H mouse
strain (H-2¥ MHC haplotype). Using VRP (NP), we
infected C,C,, cells to obtain NP-expressing myoblasts
(NP C,C,,) (Fig. 4a), which were injected intramuscularly
into each group of chimeric mice on days 0 and 28. In
this way, expression of NP was limited only to the
injected myoblasts. As negative controls, mice were
immunized with PBS and non-infected C,C;, cells.
Analysis of the frequency of antigen-specific CD8 T cells
in the blood after priming and boost showed that injec-
tion of NP C,C;, expressing the H-2K* molecule, was
sufficient to induce a CD8 T-cell response to the antigen
expressed by SAM vector not only in C3H chimera,
detected by H-2K* Dextramers (Fig. 4b, right panels), but
also in BL/6 chimera, detected by H-2D” Dextramers
(Fig. 4b, left panels), suggesting that BM-derived APCs
were able to acquire the antigen from transfected C,Ci,
myoblasts in vivo. Priming of CD8 T cells in both C3H
and BL/6 chimeras following injection of NP C,C;, myo-
blasts, was demonstrated also by in vitro re-stimulation of
splenocytes with either H-2D’-restricted or H-2k*-
restricted NP peptides and analysis of IFN-y-producing
and Lampl-positive CD8 T cells (Fig. 4c). In summary,
we demonstrated that direct transfection of APCs by SAM
vectors is not required for CD8 T-cell priming in vivo.

APCs are not transfected by SAM but can migrate
toward transfected myoblasts in vitro and take up
their exogenous expressed antigen

To investigate if APCs can be transfected by a SAM vec-
tor and express the vector encoded antigen, we treated

BM-derived dendritic cells (BM-DCs), primary CD11c"
DCs or C,C;, myoblasts with serial dilution of SAM
(NP/LNP), and evaluated both antigen (NP) and dsRNA
expression by intracellular staining. We found that C,C,,
myoblasts become positive to both stainings (Fig. 5a,b
upper panels, Fig. 5¢,d black columns), indicating they
were transfected by SAM (NP/LNP), but BM-DCs and pri-
mary DCs remained negative (Fig. 5a,b middle and lower
panels respectively, Fig. 5c,d grey and white columns
respectively), suggesting they could not be transfected.
Similar results were obtained using VRP (NP) (data not
shown).

We then wondered if DCs were able to take up the anti-
gen from transfected myoblasts. To answer this question,
BM-DCs were cultured in the upper compartment of a
trans-well chamber in which VRP (NP)-infected C,C,,
[VRP (NP) C,C;»] or SAM (NP/LNP)-transfected C,C;,
myoblasts [SAM (NP/LNP) C,C;,] were placed in the
lower compartment. After 2 hr, DCs in the upper and
lower compartments of the trans-well chamber were col-
lected, counted (Fig. 6a) and analysed for NP (Fig. 6b)
and dsRNA (Fig. 6¢) expression. We found that BM-DCs
had the ability to migrate towards the infected or trans-
fected myoblasts and acquire both the antigen and the
dsRNA from them. A higher number of BM-DCs migrated
toward VRP (NP) C,C,, compared with SAM (NP/LNP)
C,C;, myoblasts and a higher frequency of DCs were car-
rying the antigen and the RNA when migrating to the well
with VRP-infected C,C;, cells. To investigate which fac-
tors are driving BM-DC migration, we analysed the super-
natant of the infected or transfected myoblast cells for the
presence of several chemokines [eotaxin, interleukin-8,
monocyte chemoattractant protein-1 (MCP-1), macro-
phage inflammatory proteins 1o (MIP-1o) and 1 (MIP-1f),
and Regulated upon Activation, Normal T-cell Expressed
and Secreted (RANTES)]. Although supernatant from
SAM (NP/LNP) C,C,, cells showed the same chemokine
expression profile compared with non-transfected cells,
VRP (NP) C,C;, supernatant contained higher levels of
MCP1, MIP-1a, MIP1S and RANTES, which could
account for the increased migration of BM-DCs toward
these cells (data not shown).

Discussion

SAM vaccines are emerging as a novel class of nucleic-
acid-based vaccines. They offer the advantage of being
fully synthetic and, like other types of nucleic acid

Figure 5. C,C,;, myoblasts but not bone-marrow-derived dendritic cells (BM-DCs) nor primary DCs are transfected in vitro by self-amplifying
mRNA (SAM) vectors. C,C,,, BM-DCs and primary DCs were treated with serial dilutions of SAM ncleoprotein/lipid nanoparticles (NP/LNP) and
stained with FITC-labelled anti-NP and allophycocyanin-labelled anti-dsRNA antibodies, and analysed by flow cytometry. (a, b) Dot plots for anti-
NP (a) and anti-dsRNA (b) staining; percentages of cells in the gating region are indicated. (c, d) Histograms report the percentage of NP* (c) and
dsRNA™ (d) C,C,, (black bars), BM-DCs (grey bars) and CD11c" primary DCs (white bars). Data are representative of at least three experiments.
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Figure 6. Dendritic cells (DCs) migrate toward transfected C,C,, myoblasts and take up both antigen and RNA. Bone-marrow-derived (BM) -

DC were placed in a trans-well insert with 0-4-um diameter pores above viral replicon particle (nucleoprotein)-infected C,C,, cells [VRP (NP)
C,Cy,] or self-amplifying mRNAs (SAM) (NP/lipid nanoparticle) transfected C,C, cells [SAM (NP/LNP) C,Ci,] for 2 hr. (a) Number of BM-
DCs recovered in the lower well with VRP (NP) C,C;, or SAM (NP/LNP) C,Cy,. (b, c) Frequency of NP" (black bar) and dsRNA" (grey bar)
BM-DCs from both upper and lower wells after culture with VRP (NP) C,C;, (b) or SAM (NP/LNP) C,C,, (c) are shown. Each bar reports the
average plus standard deviation from replicate wells. Data are representative of at least three experiments.

vaccine, they have the potential to combine the positive
attributes of live attenuated vaccines while avoiding some
of their inherent limitations. It has previously been
demonstrated that self-amplifying mRNA vaccines are a
promising technology platform able to generate potent,
versatile and easily produced vaccines to address the
health challenges of the twenty-first century,"**4#!

However, little has been published on the mechanism
of action of these vaccines. Providing a better under-
standing of the mechanism by which SAM vaccines acti-
vate the host immune system may enable a rational
design of their development and improve their efficacy.

The aim of the current study was to investigate the
relative role of muscle cells and professional APCs in the
induction of a cellular CD8 T-cell response.

Based on the fact that myocytes appear to be the pre-
dominant cell type transfected after SAM immunization,*'
we wanted to better understand the nature of the APCs
responsible for priming of the immune response. To
address this question we generated chimeric mice where
BM-derived APCs and muscle cells are discriminated
based on the expression of different MHC class I mole-
cules. Influenza NP, an intracellular protein presented via
MHC class I molecule to CD8 T lymphocytes, was used
as model antigen.

We have demonstrated that in vivo priming of MHC
class-I restricted CD8 T cells following SAM immuniza-
tion involves BM-derived professional APCs. Moreover,
we showed that CD11c¢" DCs are required for triggering
an antigen-specific CD8 T-cell response upon SAM vac-
cination. Therefore, myocytes can only provide an anti-
gen source for the induction of an MHC class-I-
restricted CD8 T-cell response. In addition, we found
that direct expression of the antigen in BM-derived
APCs is not necessary to prime CD8 T cells. Therefore,
we propose that APCs could acquire the antigen from
transfected myoblasts, implicating cross-priming as a
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mechanism for priming the CD8 T-cell response by
SAM vaccines.

However, the cellular mechanism by which cross-prim-
ing occurs in vivo, still needs to be defined. One hypothe-
sis is that transfected cells at the site of injection undergo
apoptosis during RNA amplification, leading to the
release of the antigen-associated apoptotic bodies, which
are then phagocytosed by APCs and presented via the
MHC class I restricted pathway. Our in vitro experiments
showed that RNA and antigen are detected in BM-DCs
2 hr after culture with NP-expressing C,C;, myoblasts.
The possibility that during this short time-frame the anti-
gen is produced within DCs at detectable levels is very
unlikely. Alternatively, we can assume that the antigen
expressed by C,C, or apoptotic bodies from dying cells
is taken up by APCs, together with RNA.

When C,C;, myoblasts were transfected with LNP-for-
mulated SAM (NP), they induced less migration of DCs
in vitro compared with VRP transfection. However, we
know that VRP have a higher transfection efficiency com-
pared with LNP-delivered SAM, suggesting that RNA
transfection itself, replication of the transfected RNA or
antigen expression by C,C;, are able to induce soluble
factors that may promote migration of APCs.

Similar to our data on SAM, it has previously been
shown that in vivo CD8 T-cell priming by DNA vaccines
requires presentation by professional APCs and that anti-
gen produced by myocytes can be transferred to BM-
derived APCs.>®> However, in vivo direct APC transfection
after DNA vaccination has been demonstrated by the pres-
ence of antigens or reporter genes in macrophages or DCs
in situ and by the detection of mRNA encoding for the
DNA vaccine antigen.”*>> These data suggest that in the
case of DNA vaccines, both cross-presentation of myo-
cyte-derived antigens and direct antigen expression on
APCs contribute to CD8 responses. Our data strongly sug-
gest that in the case of SAM vaccines, cross-presentation
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by APCs of myocyte-derived antigens is the primary
mechanism for priming CD8 T cells. Indeed, in our work,
we were not able to observe direct transfection of APCs by
SAM vaccines either in vitro or in vivo. However, we
cannot exclude that some APCs are directly transfected by
SAM vectors but express the antigen under the limit of
detection of the assays used in this study. Indeed, while
the majority of transfection events occur in myocytes, we
cannot exclude that a small proportion of transfection
events into APCs in vivo could account for the major part
of the CD8 T-cell responses.

Currently, we are exploring the use of more sensitive
technologies to investigate the antigen expression in the
site of injection and the draining lymph nodes such as
the two photon microscopy,” which could improve
tracking of both RNA and antigen following SAM vacci-
nation and therefore help to better elucidate the mecha-
nism of action of this unique type of vaccine.

In summary, here we demonstrate the central role
played by myocyte-expressed antigens in SAM-based vac-
cines. Our data confirm and extend previous findings
obtained with DNA vaccines and suggest that cross-
presentation is the principal mechanism of CD8 T-cell
priming in all classes of nucleic acid vaccines.
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