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Direct Gene Transfer into Mouse Muscle in Vivo

JoN A. WOLFE,* ROBERT W. MALONE, PHILLIP WILLIAMS,
WaNG CHONG, GYULA ACSADI, AGNES JAaNI, PHILIP L. FELGNER

RNA and DNA expression vectors containing genes for chloramphenicol acetyltrans-
ferase, luciferase, and B-galactosidase were separately injected into mouse skeletal
muscle in vivo. Protein expression was readily detected in all cases, and no special
delivery system was required for these effects. The extent of expression from both the
RNA and DNA constructs was comparable to that obtained from fibroblasts transfect-
ed in vitro under optimal conditions. In situ cytochemical staining for B-galactosidase
activity was localized to muscle cells following injection of the B-galactosidase DNA
vector. After injection of the DNA luciferase expression vector, luciferase activity was

present in the muscle for at least 2 months.

OST EFFORTS TOWARD POSTNA-
tal gene therapy have relied on
indirect means of introducing

new genetic information into tissues: target
cells are removed from the body, infected
with viral vectors carrying the new genetic
information, and then reimplanted into the
body (7). For some applications, direct 1n-
troduction of genes into tissues in Vivo,
without the use of viral vectors, would be
useful. Direct in vivo gene transfer into
postnatal animals has been achieved with
formulations of DNA encapsulated in lipo-
somes, DNA entrapped in proteoliposomes
containing viral envelope receptor proteins
(2), «calaum  phosphate—coprecipitated
DNA (3), and DNA coupled to a polyly-
sine-glycoprotein carrier complex (4). In
vivo 1nfectivity of cloned viral DNA se-
quences after direct intrahepatic injection
with or without formation of calcium phos-
phate coprecipitates has also been described

J. A. Wolft, P. Williams, W. Chong, G. Acsadi, A. Jani,
Departments of Pediatrics and Genetics, Waisman Cen-
ter, Umversity of Wisconsin, Madison, WI 53706.

R. W. Malone and P. L. Felgner, Vical Inc., San Diego,
CA 92121.
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(5). With the use of cationic lipid vesicles
(6), mRNA sequences containing elements
that enhance stability can be efficiently trans-
lated in tissue culture cells (7) and in Xeno-
pus laevis embryos (8). We now show that
injection of pure RNA or DNA directly into
mouse skeletal muscle results in significant
expression of reporter genes within the mus-
cle cells.

The quadricep muscles of mice were in-
jected (9) with either 100 ng of pRSVCAT
DNA plasmid (10) or 100 ug of BgCATB-
gA, RNA (7, 11, 12). The RNA consists of
the chloramphenicol acetyl transferase
(CAT) coding sequences flanked by B-glo-
bin 5’ and 3’ untranslated sequences and a
3' polyadenylate tract. CAT activity was
readily detected in all four RNA 1njection
sites 18 hours after injection and in all six
DNA injection sites 48 hours after injection
(Fig. 1). Extracts from two of the four RNA
injection sites (Fig. 1, lanes 6 and 8) and
from two of the six DNA injection sites
(Fig. 1, lanes 11 and 20) contained amounts
of CAT activity comparable to those ob-
tained from fibroblasts transiently transfect-
ed with the corresponding constructs in
vitro under optimal conditions (Fig. 1, lanes

9 and 10 and 21 to 24, respectively). The
average total amount of CAT activity ex-
pressed in muscle was 960 pg for the RNA
injections and 116 pg for the DNA mjec-
tions. The variability in CAT activity recov-
ered from different muscle sites probably
represents variability inherent in the injec-
tion and extraction technique, because sig-
nificant variability was observed when pure
CAT protein or pRSVCAT-transfected fi-
broblasts were injected into the muscle sites
and immediately excised for measurement of
CAT activity. CAT activity was also recov-
ered from abdominal muscle injected with
the RNA or DNA CAT vectors (13), indi-
cating that other muscles can take up and
express polynucleotides.

The site of gene expression was deter-
mined for the pRSViac-Z DNA vector (14)
expressing the Escherichia coli B-galactosidase
gene (Fig. 2). Seven days after a single
injection of 100 wng of pRSVia-Z DNA
into individual quadricep muscles, the entire
muscles were removed, and every fifth
15-wm cross section was histochemically
stained for B-galactosidase activity. Approx-
imately 60 (1.5%) of the ~4000 muscle
cells that comprise the entire quadriceps and
~10 to 30% of the cells within the injection
area were stained blue (Fig. 2, A and B).
Positive B-galactosidase staining within
some individual muscle cells was at least 1.2
mm deep on serial cross sections (Fig. 2, D
to F), which may be the result of either
transfection into multiple nuclei or the abili-
ty of cytoplasmic proteins expressed from
one nucleus to be distributed widely within
the muscle cell (15). Longitudinal sectioning
also revealed B-galactosidase staining within
muscle cells for at least 400 um (Fig. 2C).
Fainter blue staining often appeared in the
bordering areas of cells adjacent to intensely
stained cells. This most likely represents an
artifact of the histochemical B-galactosidase
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Efficacy

Induce both humoral and cellular iImmune responses

Safety
Little risk for reversion to a disease-causing form
No risk for secondary infection

Better design
DNA vaccines can be manipulated to present all or part of the genome
Genes which lead to undesired immunological inhibition may be removed

Enhanced manufacturing and storage capability
Better stability and storage capability compared to traditional vaccine formulations
Simpler and less expensive manufacturing process
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Induction of virus-specific cytotoxic T lymphocytes in vivo
by liposome-entrapped mRNA
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Abstract

The induction of anti-influenza cytotoxic T lymphocytes (CTL) in vivo by
immunizing mice with liposomes containing messenger RNA (mRNA) encoding
the influenza virus nucleoprotein (NP) is described. NP mRNA, obtained by in
vitro transcription, was encapsulated into simple
cholesterol/phosphatidylcholine/phosphatidylserine liposomes by the
detergent removal technique. The dependance of the route of mMRNA-
liposomes delivery on CTL induction was studied. The CTL induced were
identical to those obtained in vivo with infectious virus in terms of specificity,
lysing both peptide-sensitized and virus-infected targets. Furthermore, with
the same mRNA-liposome preparation, virus-specific CTL responses could be
also elicited in mice of three different haplotypes each of them known to
present a distinct NP peptide in an MHC-restricted fashion. The relevance of
these results in the context of vaccine development is discussed.
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CpG RNA: Identification of Novel Single-Stranded RNA That
Stimulates Human CD14"CD11¢™ Monocytes

Takahiro Sugiyama,*" Mayda Gursel,* Fumihiko Takeshita," Cevayir Coban,*7
Jacqueline Conover,* Tsuneyasu Kaisho,” Shizuo Akira,*" Dennis M. Klinman,* and
Ken J. Ishii'#"

Synthetic immunostimulatory nucleic acids such as CpG DNA are being harnessed therapeutically as vaccine adjuvants, anti-
cancer or antiallergic agents. Efforts to identify nucleic acid-based agents capable of more specifically modulating the immune
system are being developed. The current study identifies a novel class of single-stranded oligoribonucleotides (ORN) containing
unmethylated CpG motifs and a poly(G) run at the 3’ end (CpG ORN) that directly stimulate human CD14"CD11c* monocytes
but not dendritic cells or B cells. CpG ORN activate NF-kB and p38 MAPK, resulting in 1L-6 and IL-12 production and
costimulatory molecule up-regulation but not IFN«. Methylation of cytosine at the 5 portion in core CpG motif abrogates such
activation. TLR3, 7, 8, or 9 alone did not confer response to CpG ORN, in contrast to previously reported respective nucleic acid
ligands. These data suggest that CpG ORN represent a novel class of synthetic immunostimulatory nucleic acids with distinct

target cells, receptors, and functions from that of previously known immunomodulatory nucleic acids. The Journal of Immu-

nology, 2005, 174: 2273-2279.

he innate immune system recognizes specific sequence

motifs expressed in the DNA and/or RNA of various
pathogens (1-4). For example, recognition of CpG motifs

in DNA or dsRNA molecules triggers a strong proinflammatory
response via TLRs (5, 6). The immunostimulatory activity of CpG
DNA is being harnessed therapeutically to prevent or treat infec-
tious diseases, allergy, cancer, and/or autoimmune diseases (7, 8).
Unmethylated CpG motifs are recognized via TLR9 expressed
on certain immune cells (such as B cells, plasmacytoid dendritic
cells (pDC),” and macrophages) (4, 7). CpG DNA is taken up via
an endo/phagocytosis pathway controlled by PI3K (9) and interact
with intracellular TLRY (10). The interaction of CpG DNA with
TLRY triggers the recruitment of the MyD88 adaptor molecule,
followed by the activation of IL-1R-associated kinase, TNFR-as-
sociated factor 6, and 1B kinase, culminating in the nuclear trans-
location of NF-«kB (5. I'l, 12). Such activation by CpG DNA re-
sults in the production of proinflammatory cytokines (such as [L-6,
IL-12, and IFNa/y), chemokines (such as MCP-1., IFN-vy-inducible
protein 10, MIP-1a/3), and Igs (reviewed in Refs. 4 and 7). Recent
studies suggest that CpG oligodeoxynucleotides (ODN) are cate-
gorized at least into two groups in both a structural and functional
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manner (7, 8): one is K (also known as B type) CpG ODN con-
sisted of all phosphorothioate backbone with multiple TCG motits
that preferentially stimulate B cells to proliferate and secrete IL.-6
and IgM. and the other is type D CpG ODN (also known as A type)
with mixed backbone with one palindromic CpG motifs plus
poly(G) run at the 3" end that stimulates pDC to secrete large
amount of IFN«, followed by myeloid DC maturation and NK cell
activation. These CpG ODN optimized for humans, in contrast to
those for mice, are not able to induce a robust amount of TL-12.
Since TL-12 is considered to play a critical role in CpG-mediated
efficacy in vivo, there is room to improve and/or modify such
humanized CpG-based immunotherapeutic nucleic acids.

dsRNA, such as that found during intermediate stages of viral
infection, is recognized by the innate immune system through
TLR3. dsRNA is a potent stimulator of human monocytes and
myeloid DC, inducing the secretion of both IL-12 and IFNa (6,
13). More recently, ssRNA was shown to activate pDC in mice and
myeloid DC in humans to produce IFNa and IL-12, respectively
(14—-17). However, whether the immunomodulatory activity of
RNA is sequence specific has not been fully investigated.

The present work examines whether ssRNA have sequence-spe-
cific immunomodulatory activity. Results indicate that ssRNA oli-
gonucleotides expressing unmethylated CpG motifs and a poly(G)
tail (CpG oligoribonucleotides (ORN)) stimulate CD147CD11c¢™
monocytes to produce large amounts of IL-12. This activity is
distinct from that of DNA-based CpG ODN. CpG ORN also stim-
ulates human PBMC to activate NF-«kB and p38 MAPK and to
secrete IL-6, similar to the effect of K-type CpG ODN. Activation
of cells by CpG ORN was not mediated through either TLR3, 7/8,
or 9, the known receptors tor dsRNA, ssRNA, or dsRNA, respec-
tively. The activity of CpG ORN was blocked by inhibitors of
PI3K. These data suggest that CpG ORN represent novel immu-
nostimulatory agents stimulating human monocytes to produce
IL-12 that is distinct from previously known immunostimulatory
nucleic acids.

0022-1767/05/$02.00
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Suppression of RNA Recognition by Toll-like
Receptors: The Impact of Nucleoside Modification
and the Evolutionary Origin of RNA

Katalin Kariké,'* Michael Buckstein,? Houping Ni,?
and Drew Weissman?

1Department of Neurosurgery

2Department of Medicine

University of Pennsylvania School of Medicine
Philadelphia, Pennsylvania 19104

Summary

DNA and RNA stimulate the mammalian innate im-
mune system through activation of Toll-like receptors
(TLRs). DNA containing methylated CpG motifs, how-
ever, is not stimulatory. Selected nucleosides in natu-
rally occurring RNA are also methylated or otherwise
modified, but the immunomodulatory effects of these
alterations remain untested. We show that RNA sig-
nals through human TLR3, TLR7, and TLRS8, but incor-
poration of modified nucleosides m5C, m6A, m5U,
s2U, or pseudouridine ablates activity. Dendritic cells
(DCs) exposed to such modified RNA express signifi-
cantly less cytokines and activation markers than
those treated with unmodified RNA. DCs and TLR-
expressing cells are potently activated by bacterial
and mitochondrial RNA, but not by mammalian total
RNA, which is abundant in modified nucleosides. We
conclude that nucleoside modifications suppress the
potential of RNA to activate DCs. The innate immune
system may therefore detect RNA lacking nucleoside
modification as a means of selectively responding to
bacteria or necrotic tissue.

Introduction

The innate immune system is the first line of defense
against invading pathogens (Medzhitov, 2001). This
system utilizes TLRs to recognize conserved pathogen-
associated molecular patterns and orchestrate the initi-
ation of immune responses. TLRs are germ line-encoded
signaling receptors with extracellular leucine-rich re-
peats and intracellular signaling domains. In humans,
ten distinct TLR family members have been identified,
and corresponding microbial ligands for most have
been identified. Several TLRs recognize and respond to
nucleic acids. DNA containing unmethylated CpG mo-
tifs, characteristic of bacterial and viral DNA, activate
TLR9 (Hemmi et al., 2000). Double-stranded (ds)RNA, a
frequent viral constituent, has been shown to activate
TLR3 (Alexopoulou et al., 2001; Wang et al., 2004), sin-
gle-stranded (ss)BRNA activates mouse TLR7 (Diebold
et al., 2004), and RNA oligonucleotides with phos-
phorothioate internucleotide linkages are ligands of hu-
man TLR8 (Heil et al., 2004). Based on structural and
sequence similarities, TLR7, TLR8, and TLR9 form a
subfamily. Activation of these receptors depends upon
endosomal acidification and leads to interferon produc-
tion. Human TLR7 and TLR8 are stimulated by the syn-

*Correspondence: kariko@mail.med.upenn.edu

thetic antiviral compound R-848 (Jurk et al., 2002), but
a natural ligand has not been identified.

It has been known for decades that selected DNA
and RNA molecules have the unique property to acti-
vate the immune system. It was discovered only re-
cently that secretion of interferon in response to DNA
is mediated by unmethylated CpG motifs acting upon
TLR9 present on immune cells (Hemmi et al., 2000). For
years, bacterial and mammalian DNA were portrayed
as having the same chemical structure, which ham-
pered the understanding of why only bacterial, but not
mammalian, DNA is immunogenic. Recently, however,
the sequence and structural microheterogeneity of
DNA has come to be appreciated. For example, methyl-
ated cytidine in CpG motifs of DNA has proven to be
the structural basis of recognition for the innate im-
mune system. In light of this finding and given that mul-
tiple TLRs respond to RNA, a question emerges as to
whether the immunogenicity of RNA is under the con-
trol of similar types of modification. This possibility is
not unreasonable given that RNA undergoes nearly one
hundred different nucleoside modifications (Rozenski
et al., 1999). Importantly, the extent and quality of RNA
modifications depend on the RNA subtype and corre-
late directly with the evolutionary level of the organism
from which the RNA is isolated. Ribosomal RNA, the
major constituent (~80%) of cellular RNA, contains sig-
nificantly more nucleoside modifications when ob-
tained from mammalian cells versus bacteria. Human
rBRNA, for example, has ten times more pseudouridine
(¥) and 25 times more 2'-O-methylated nucleosides
than bacterial rBRNA, whereas rRNA from mitochondria,
an organelle that is a remnant of eubacteria (Margulis
and Chapman, 1998), has very few modifications (Bach-
ellerie and Cavaille, 1998). Transfer RNA is the most heav-
ily modified subgroup of RNA. In mammalian tRNAs, up
to 25% of the nucleosides are modified, whereas there
are significantly less modifications in prokaryotic tRNAs.
Bacterial mMRNA contains no nucleoside modifications,
whereas mammalian mRNAs have modified nucleo-
sides such as 5-methylcytidine (m5C), N6-methyladen-
osine (m6A), inosine and many 2’'-O-methylated nucle-
osides in addition to N7-methylguanosine (m7G), which
is part of the 5'-terminal cap (Bokar and Rottman,
1998). The presence of modified nucleosides was also
demonstrated in the internal regions of many viral
RNAs including influenza, adeno, and herpes simplex;
surprisingly, modified nucleosides were more frequent
in viral than in cellular mRNAs (Bokar and Rottman,
1998). A substantial nhumber of nucleoside modifica-
tions are uniquely present in either bacterial or mam-
malian RNA, thus providing an additional molecular fea-
ture for immune cells to discriminate between microbial
and host BRNA. Considering that cells usually contain
five to ten times more RNA than DNA, presence of such
distinctive characteristics on RNA could make them a
rich molecular source for sampling by the immune sys-
tem, a notion becoming evident by the identification of
multiple TLRs signaling in response to RNA. The role
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All mMRNA delivery vehicles contain
cationic or ionizable molecules.
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IVT mRNA 1s formulated into lipid
nanoparticle vaccines using a cell-free
production pipeline.
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Messenger RNA vaccines elicit iImmunity through transfection of antigen-presenting cells.
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MRNA vaccines In development
protect against an array of common
pathogens using disease-specific
targeting strategies.
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