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Previous studies have shown that the packaging RNA
(PRNA) of bacteriophage phi29 DNA packaging motor
folds into a compact structure, constituting a RNA nano-
particle that can be modularized with functional groups
as a nanodelivery system. pRNA nanoparticles can also be
self-assembled by the bipartite approach without alter-
ing folding property. The present study demonstrated
that 2’-F-modified pRNA nanoparticles were readily
manufactured through this scalable bipartite strategy,
featuring total chemical synthesis and permitting diverse
functional modularizations. The RNA nanoparticles were
chemically and metabolically stable and demonstrated
a favorable pharmacokinetic (PK) profile in mice (half-
life (T,,,): 5-10 hours, clearance (Cl): <0.13 I/kg/hour,
volume of distribution (V,): 1.2 I/kg). It did not induce
an interferon (IFN) response nor did it induce cytokine
production in mice. Repeat intravenous administrations
in mice up to 30mg/kg did not result in any toxicity.
Fluorescent folate-pRNA nanoparticles efficiently and
specifically bound and internalized to folate receptor
(FR)-bearing cancer cells in vitro. It also specifically and
dose-dependently targeted to FRT xenograft tumor in
mice with minimal accumulation in normal tissues. This
first comprehensive pharmacological study suggests
that the pRNA nanoparticle had all the preferred phar-
macological features to serve as an efficient nanodelivery
platform for broad medical applications.
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INTRODUCTION

Nanoparticles have been recognized as a preferred delivery
approach for diagnostic reporters and pharmaceutics in recent
decades. The concept of RNA nanotechnology has appeared for
more than a decade'* (for review, see refs. 5,6). The first evidence
was presented in 1998 showing that dimeric, trimeric, and hexa-
meric RNA nanoparticles can be assembled through self-assembly
of multiple reengineered natural RNA molecules in 1998." The field
of RNA nanotechnology has emerging and become increasingly

popular due to the recognition of its potential in the treatment of
cancer, viral infection, and genetics diseases.®

Nanoparticles have several advantages over conventional
delivery platforms including:” (i) improve solubility and facili-
tate administration; (ii) have favorable pharmacokinetic (PK)
profile [reduced renal clearance and increased half-life, T, ,, and
exposure, area under the curve (AUC)], enhanced bioavailability
(reduced extrasvasation—a smaller volume of distribution, V,,
and enhanced permeation and retention at disease tissues); (iii)
can be readily engineered to be specifically self-delivered to the
intended disease tissues/cells by decoration with ligands that tar-
get disease tissues/cells; and (iv) can readily provide multimodal-
ity of different mechanisms of actions in a single particle. All these
features enhance its specificity by increasing activity and reducing
side effects, and thus also reduce dose and costs.

Many factors influence the utility and effectiveness of a nano-
delivery system. First, thermodynamic and chemical stability
affect manufacturing, storage, and potency. Second, metabolic
stability affects PK and in vivo activity. Third, the other physi-
cochemical properties including size, rigidity, surface charge,
and hydrophobicity play key roles in biocompatibility, includ-
ing serum protein binding, tissue penetration, cellular uptake,
clearance, and immunotoxicity. It is believed that the optimal
particle size range for nanodelivery is 10-100 nm: large enough
to avoid kidney filtration (>10nm) but small enough to pen-
etrate tissues, access cell surface receptors, and facilitate intra-
cellular trafficking, while also minimizing reticuloendothelial
system (RES)-mediated clearance.® The commonly used lipid
and polymer-based nanoparticles have large particle sizes and
result in predominant accumulation in the liver, spleen, and lung
distributions.® Fourth, the engineered targeting mechanisms
can specifically guide delivery to disease tissues/cells or patho-
gens. In certain therapeutic applications, cell internalization and
intracellular trafficking of the nanoparticle to drug action sites
(e.g., cytoplasm or nucleus) are also required. Fifth, the safety of
nanoparticles is critical to all nanodelivery systems. For example,
the induction of a strong innate immune response and certain
organ toxicity (e.g., liver), causing dose-limiting toxicity, is a
major obstacle for the majority of the liposomal nanotechnolo-
gies. Finally, manufacturability with the consistency of a defined
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particle size and functional modification is also a major challenge
facing many of today’s nanotechnology platforms.

Packaging RNA (pRNA), is a 117-nt RNA molecule that consti-
tutes one of the six pRNA subunits (monomers) of the DNA packag-
ing motor of bacteriophage phi29.*! The structures and functions
of the pRNA molecule and its domains have been comprehensively
characterized during the past decade.’? pRNA folds into a stable and
unique secondary/tertiary structure that constitutes a nanoparticle
~11nm in size."”* Atomic force microscopy studies have also revealed
the uniform sizes and shapes of each type of pRNA nanoparticle
depending on the specific configurations.’*'® pRNA contains three
unique regions: the intermolecular interaction single-stranded right
hand loop, left-hand loop, and a 3’/5” double helix'*'**' (for review,
see ref. 12). The two intermolecular interaction regions mediate
the interactions among pRNA subunits through interlocking loop
interactions, thus facilitating the formation of dimer, trimer, and
hexamer."?#14161722-24 Although the intermolecular domains toler-
ate little change in sequence, the double helix can accommodate
any changes in sequences and lengths without affecting the pRNA
structure, as long as double helix is maintained.?**** This enables
incorporations of diverse functional groups of targeting mecha-
nisms, therapeutic payloads, and imaging/diagnostic agents (e.g.,
RNAi trigger, aptamer, ribozyme, and fluorescence/radioisotope
reporters) (see refs. 6,8,16,24,26). Using in vitro transcription, sev-
eral modifications and functional modules have been introduced
into the pRNA molecules to demonstrate these utilities in vitro.
RNA nanoparticles have several features that make them attrac-
tive nanodelivery platforms:*!¢17%242627 (i) diverse and stable 2D,
3D, and 4D structures, and (ii) thus diverse biochemical/biologi-
cal functions; (iii) metabolic stability achieved by modification; (iv)
complete biocompatibility, biodegradability, and noninduction of
antibodies; and (v) modular design and flexible fabrication. pPRNA
also tolerates 2’-F-modifications while maintaining its structures
and functions.' In addition, we have demonstrated a bipartite syn-
thesis strategy followed by a self-assembly process without affecting
the structure and functions known so far,”® suggesting a possibility
of a total chemical process for pharmaceutical grade manufactur-
ing. However, due to the extreme flexibility and variability of RNA
structure, it is a major technical challenge to predict and design
robust RNA nanoscaffolds that are thermodynamically stable and
allow diverse modularizations so as to accommodate a variety of
applications without affecting the core structure.”*® As a nanode-
livery system, pRNA has yet to be validated in vivo. Currently, one
technical hurdle is the lack of a scalable process to generate a suf-
ficient amount for evaluation in animal models. The current studies
describe a total synthesis of functionalized pRNA nanoparticles. We
demonstrated their favorable physicochemical properties and phar-
macological profiles through a series of in vitro and in vivo evalu-
ations. Our data confirm that the pRNA nanoparticle is indeed a
robust RNA nanodelivery platform that can be applied broadly in a
variety of medical applications.

RESULTS

Chemical synthesis of bipartite 2’-fluoro-
pyrimidine-modified pRNA molecules

Since in vitro transcription cannot be scaled up for industrial pro-
duction and cannot support the precise modifications, a scalable
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process of pPRNA nanoparticles production was set out to develop
by a total chemical synthesis to generate sufficient RNA for current
animal studies and for industrial-scale manufacturing of pharma-
ceuticals in the future. However, the pRNA molecule (117 nt) is too
long for current RNA chemical synthesis approach to produce rea-
sonable yield and purity, particularly with the 2’-F-modification.
Therefore, the bipartite strategy was adopted for the total synthesis
of pRNA monomer, which was successfully shown using in vitro
transcription.” The full-length pRNA was divided into two pieces,
P1 and P2, with a break point at 3’ of nucleotide 55 located within
the 53-58 single-stranded loop region of the wild-type pRNA*
(Figure 1a). Each piece was approximately half the length (49-60
nt) of the full-length pRNA, rendering synthesis possible using
conventional solid phase automated RNA synthetic chemistry,
with a free hydroxyl on the 3’-end of P1 (P1-OH-3") and 5’-phos-
phate group on P2 (5"-PO,-P2). This strategy creates two new
additional termini to facilitate functionalization (see below).

A chemical process to produce pPRNA-P1- and -P2 was devel-
oped using TBDMS chemistry. 2’-F-pyrimidine phosphoramid-
ites were used instead of the nonmodified monomers along the
entire length of the pRNA, or at specified positions as desired. A
process has been achieved that can yield P1 and P2 at subgram-
scales with >80% purity as measured by high-performance liquid
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Figure 1 The structure and characterization of chemically synthe-
sized bipartite packaging RNA (pRNA) (P1/P2). (a) The structure of
a typical monomeric pRNA nanoparticle consisting of P1 and P2 RNAs.
Folate and Alexa647 can be optionally conjugated to the 5-ends of both
P1 and P2. (b) Native PAGE analysis of P1, P2, unligated P1/P2, and
ligated P1/P2. (c). Dimerization of pRNA-Ab’/pRNA-Ba’, as analyzed by
TBM native PAGE as described previously.?®
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chromatography, which is sufficient for in vivo small animal tri-
als. The chemically synthesized pRNA components (P1/P2), even
with functional modules (see below), can self-assemble into a
single noncovalently bound two-molecule complex by simple 1:1
molar ratio mixing® as shown by native gel analysis (Figure 1b).
MFold analysis (http://dinamelt.bioinfo.rpi.edu/) confirmed
the identical folding pattern of the bipartite and one-piece
(full-length) pRNA (data not shown). To confirm the assumed
equivalence of the chemically synthesized bipartite molecule to
the one-piece molecule synthesized by in vitro transcription,
two additional experiments were also performed: ligation and
dimerization.

2-F-P1 and -P2 are efficiently ligated by T4-RNA ligase into
the full-length pRNA. Our current synthetic strategy has pro-
duced two new termini (P1-OH-3" and 5-PO,-P2) that can be
readily ligated to form a full-length molecule if desired. In princi-
ple, a correctly folded pPRNA monomer would present the T4-RNA
ligase with an intramolecular ligation step instead of the regular
intermolecular ligation between two separate single RNA strands,
which in turn should increase the rate of this chemical step during
enzyme catalysis.”** Also the presence of a preformed unligated
monomer would result in the lack of circular RNAs, a common
side product during RNA ligation using T4-RNA ligase.”* This
concept was tested by incubating the annealed mixture (P1/P2)
with T4-RNA ligase at 37 °C, followed by denaturing PAGE analy-
sis (Figure 1b). The results demonstrated that the two pieces were
efficiently ligated almost to completion. The ligated full-length
pRNA is indistinguishable from that generated by in vitro tran-
scription as seen by gel electrophoresis. In addition, the absence
of any circular side product that can be formed by ligation of the
3’-hydroxyl group and the 5’-phosphate group on P2 further con-
firms our theory.

The chemically synthesized P1/P2 complex with or with-
out ligation can form a dimer with other pRNA. A cor-
rectly folded two-piece pRNA monomer (Ba’) or the 2-F modi-
fied pRNA monomer have been shown to form a dimer with a
complementary (Ab’) monomer.'*?* To test whether the pRNA
monomer generated from the 2-F two-piece folded correctly,
a bipartite 2’-F-Sur-pRNAi Ba’ monomer was mixed with a
2’F-pRNA Ab’ monomer at a 1:1 molar ratio, followed by na-
tive PAGE analysis. The results demonstrated that the two
monomers, whether ligated or nonligated, formed a dimer
(Figure 1d). Fluorescent-based capillary electrophoresis, a
technique milder and more sensitive than regular slab gel, indi-
cated that the efficiency of 2’-F-pRNA dimer formation was as
high as 99% (Supplementary Figure S1).

The 2'-F-pRNA nanopatrticle (bipartite) is stable. The stability
of a pharmaceutical product is particularly important for man-
ufacturing, storage, transportation, and potency maintenance
(expiration date), etc. Thermodynamically, stability is also the
foundation for diverse and robust modularizations. Furthermore,
thermostability can also affect the behavior of nanoparticles in-
side the body upon administration. For a functional nucleic acid
agent such as pRNA, the most important aspect of its stability lies
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in the stability of its folding, particularly the two pieces folding
together. Melting temperature (T ) studies reveal that the nonli-
gated 2’-F bipartite pRNA is stable (S. Abdelmawla and Q.-X. Li,
manuscript in preparation).

The 2’-F-pRNA is metabolically stable in the presence of
serum or RNase A. The purpose of chemical modification is
to make the pRNA nanoparticle metabolically stable in biologi-
cal fluids (e.g., plasma). Our previous data have shown that the
2’-F-modified pRNA generated by in vitro transcription is indeed
significantly stabilized in the biological milieus.”® To test the
chemically synthesized and self-assembled bipartite 2’-F-pRNA,
this particle was incubated with culture media containing 10%
and 50% human serum for various periods, followed by denatur-
ing urea-PAGE analysis. We found that a large proportion of the
2’-F-pRNAi remained intact for up to 24 hours (Supplementary
Figure S2), in contrast to the nonmodified RNA, which degraded
rapidly. The enhanced stability was further confirmed by incu-
bating the 2’-F-pRNA with RNaseA, where the majority of full-
length pRNAi remained intact (Supplementary Figure S2). These
results demonstrated that the chemically synthesized 2’-F-pRNA
is metabolically stable.

The pRNA nanoparticles did not induce

IFN response in cultured cells in vitro

A safety profile is a key aspect of any nanodelivery system for sys-
temic applications. The main concern with a nucleic acid based
system is the nonspecific activation of interferon response (IFN)
pathways. To this end, the potential induction of IFN responses
was set out to be assessed in vitro using several cell-based systems.
Because polyinosinic:polycytidylic acid (poly I:C), a synthetic
double-stranded RNA, is a ligand to Toll-like receptor (TLR)-3 and
a potential inducer of cytokines [IFN, interleukin-6, and tumor
necrosis factor-a (TNF-a), etc.],” it was used as a positive control
in all tests. First, the gene expression of several key IFN response
genes were examined including OASI, 2 (2, 5"-oligoadenylate syn-
thetase 1, 2), MXI, and IFITMI* in KB cells upon transfection
with pRNA. Our data showed that the expression of these genes
did not increase in KB cells transfected with either the nonmodified
or the 2’-F modified pRNAi (Figure 2a). Second, double-stranded
RNA has been reported to stimulate the expression of TLRs.*”?*
The effect of pRNAI on the expression of TLR-3, -7, and -9 genes
was examined then in human peripheral blood mononuclear
cell. Again, the results indicated that 2"-F-pRNA did not induce
these genes, as compared to the mock treatment, and in contrast
to poly I:C (Figure 2b). Third, we tested whether the exposure to
the pRNA nanoparticles would cause cytokine induction in mouse
macrophages. The RAW-264 mouse macrophage cell line was incu-
bated with pRNA, at the concentrations indicated, for 3 hours at
37°C. The TNF-a production in the culture media of the treated
cells were then analyzed. The results demonstrated that the expo-
sures to pRNA levels upto 100 ng/ml resulted in little induction, in
contrast to that of poly I:C that caused dose-dependent induction of
TNF-a (Figure 2c). Fourth, HEK-Blue-hTLR3 is a reporter 293-cell
line that overexpresses the human TLR3 gene (hTLR3) and secretes
reporter embryonic alkaline phosphatase (SEAP), whose gene is
under the control of an nuclear factor-kB and activating protein-1
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inducible promoter. Upon stimulation of the TLR3 receptor by
double-stranded RNA, the nuclear factor-kB and the activating pro-
tein-1 pathways are activated, which in turn activates the production
and subsequent secretion of SEAP. The SEAP in the culture media
provides a colorimetric readout of the activation of TLR3-induced
pathways. pRNA was incubated with HEK-Blue-hTLR3 overnight,
and then quantified the SEAP production. We found that pRNA did
not induce the TLR-3 pathway, in contrast to the poly I:C-induced
dose responsive induction of the TLR-3 pathway (Figure 2d). In
summary, pRNA nanoparticles do not induce IFN response in mul-
tiple cell types at all tested dose levels in vitro. Interestingly, pPRNA
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with a longer double-strand region (29 bp long 5'/3” duplex) did not
cause any IFN response. The reason that pRNA nanoparticles do
not induce IFN response is unclear.

Functionalization of pRNA nanoparticles

One important utility of nanoparticles for therapeutic or diagnostic
applications is that different functional modules can be incorporated
into a single nanoparticle. A robust nanodelivery system requires: (i)
the incorporation should not change the structures and functions of
either the nanoparticle core or the modules; (ii) the modularization
can still be achieved by a simple bottom-up self-assembly process
using the same basic building blocks but with different preincor-
porated functional modules; (iii) a chemical synthesis process can
facilitates precisely controlled modulation of the building blocks.
We believe that pRNA nanoparticles have these three features,
exemplified by the following functional modularizations.

Incorporation of fluorescent molecules at the 5-end of
PRNA-P1 or P2. Fluorescence-labeled nanoparticles can be used
as imaging reporters for diagnostic application as well as for other
imaging applications in research. RNA can be readily labeled by
fluorescence using a commercially available kit, such as the one
that uses a fluorescent platinum reagent that can nonspecifical-
ly label any G base in a nucleic acid sequence (e.g., the Silencer
Labeling Kit from Ambion, Austin, TX). However, this process
is hardly stoichiometric, and the number of fluorescent tags per
pRNA monomer is difficult to control, which in turn may affect
folding, cause physical hindrance in intermolecular interaction,
and/or disturb interaction with cell surface receptors. These diffi-
culties can be more readily overcome during automated RNA syn-
thesis by coupling the phosphoramidite of the desired fluorescent
tag at a specific position within the RNA molecule. Fluorescent
tags were able to be introduced (such as Cy5, Cy3, FITC, and
AlexaFluor647) at the 5-end as well as at the 3’-end or in the
middle of the sequence of both P1 and P2. The fluorescence-la-
beled pRNA nanoparticle can be used in investigating the cellular
uptake and intracellular trafficking (see below) and can be used
for in vivo targeting for diagnostic applications. Figure 1a shows

Figure 2 The packaging RNA (pRNA) nanoparticle did not induce
an interferon response in vitro. (a) KB cells were transfected with
pPRNA (50nmol/l) (2’-F modified versus nonmodified), small interfer-
ing RNA (siRNA) (50nmol/l), and polyinosinic:polycytidylic acid (poly
I:C) 1 (ug/ml) using Fugene-HD. The RNAs were harvested 24 hours
later for semiquantitative reverse transcriptase (RT)-PCR analysis for the
interferon (IFN) responsive genes expressions. (b) Human peripheral
blood mononuclear cell (PBMC) were incubated with 50 nmol/l pRNA
or Tug/ml poly I:C. TLR-3, 7, and 9 gene expression were analyzed as in
a. KT-107 and KT-108 are pRNA monomers that differ in the sequence
of the 5/3’ helical region. (c) Production of tumor necrosis factor-o
(TNF-ar) in the mouse macrophage cell line RAW-647 after incubation
with different concentrations of pRNA and poly I:C. Three hours postin-
cubation, the culture media were analyzed for TNF-o. by enzyme-linked
immunosorbent assay (ELISA). (d) Activation of Toll-like receptor (TLR)-3
pathway by pRNAs were measured using HEK-Blue-hTLR3 reporter cell
line. pRNA differing in the length (29 nucleotides or 22 nucleotides)
and the extent of modifications (FF, 2’-F modified helical region; NN,
nonmodified helical region; all pRNA constructs used had a modified
intermolecular interaction domain) in the 5’/3” region were tested. After
24 hours incubation, the media were analyzed for TLR-3 activation. Poly
I:C was used in all these assays as positive control.
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examples of these fluorescent tags incorporated at the 5-end of
P1 and P2 using this method. These fluorescently labeled P1 or
P2 were self-assembled with 5’-folate-P1 or P2 to form a fluores-
cently labeled folate-pRNA monomeric pRNA nanoparticle to be
used for in vitro and in vivo imaging experiments (see below).

Incorporation of folate at the 5’-end of P1 or P2 through
direct coupling at the last step of chemical synthesis. Folate
receptors (FR) are widely overexpressed in many cancer cell surfac-
es. Folate ligand binds to FR with high affinity (K, 0£0.1-1 nmol/1).*
Recently, folate has been broadly tested as a targeting mechanism
for delivering chemotherapeutic drugs, liposome, small interfer-
ing RNA, or imaging reporters to tumors.**~* Therefore, it is inter-
esting to test the folate-pRNA nanoparticle for specific targeting to
FR' tumors. Previously, we have shown that 5'-folate-AMP can be
incorporated into pRNA during in vitro transcription to generate
5’-folate-pRNA. However, this process is not quantitative (usually
10-30%), and ultimately, it is not a scalable procedure. Therefore,
the folate was decided to be incorporated during the more reliable,
scalable, and less labor-intensive automated chemical synthesis.
To introduce a folate moiety at the 5-end, folate phosphoramid-
ite was first synthesized in collaboration with Berry & Associates
(Dexter, MI). The folate phosphoramidite was then coupled into
PRNA-P1 at the last step during regular automated chemical
synthesis with coupling efficiencies >90% (Figure 1a). This effi-
ciency is difficult to achieve by other methods. Similarly, P2 can
also be labeled with folate by a direct coupling method to create
5’-folate-pRNA P2. Again, the folate-pRNA P1 can self-assemble
with pRNA-P2 to form the folate-pRNA monomer, similar to the
nonfolate-modified pRNA monomer (Figure 1a).

Folate-pRNA monomeric and dimeric nanopatrticles target
FR* cancer cells. Fluorescently labeled P1 or P2 and 5’-folate-P2
or P1 self-assembled to form a fluorescently labeled Cy5-pRNA-
folate monomeric nanoparticle that was designed to specifically
target the folate receptor (FR+)-bearing cancer cells (Figure 1la).
This specific targeting was tested by incubating with KB cells
followed by confocal microscopy and flow cytometry analy-
sis. The fluorescence confocal microscopy results demonstrated
that ~100% KB cells were positive for Cy5 staining (see the Red
Cy5 circle shown in Supplementary Figure S3 indicating cell
surface staining at 30-minute incubation time), and inside cells
(internalized) with longer incubation time (4 hours). This cell
targeting is highly specific for the folate-receptor because the
observed binding can be effectively competed out by excess free
folate (Supplementary Figure S3). There was no binding signal
for incubation with the known FR™ cell line (data not shown),
and no binding for a control pRNA nanoparticle without fola-
tic acid (data not shown). Flow cytometry analysis also showed
100% staining (Supplementary Figure S3) that is competed out
by excess folate. These results together confirmed specific in vitro
uptake of the chemically synthesized folate-pRNA nanoparticle
by the FR" cancer cells.

Since folate ligands, upon binding to FR, are internalized
through receptor-mediated endocytosis, the trafficking of folate-
pRNA nanoparticle (red) upon binding to receptors was then
investigated. To help assess this, the Cy5-folate-pRNA nanoparticle
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was incubated with the KB cells transfected with GFP-Rho-B fusion
protein plasmid, followed by confocal examination. GFP-Rho-B is
expressed exclusively in endosomes (early and mid-stage) and dis-
plays a green fluorescence. Four hours postincubation, the Cy5-
PRNA nanoparticle was found to be colocalized with GFP-Rho-B
in endosomes in KB cells (yellow) as expected (Supplementary
Figure $3). Similarly, the Cy5-pRNA-Ba’/folate-pRNA-Ab’ dimeric
nanoparticle can also bind and become internalized by FR* cancer
cells (data not shown), as measured by the same method used for
the monomer above.

Folate-pRNA nanoparticles specifically target FR*
human xenograft tumors in immunocompromised
mice upon systemic exposure

It was hypothesized that a ligand-labeled pRNA nanoparticle
would have beneficial tissue distribution and the advantage
of self-delivery to the disease tissues of interest upon systemic
administration. This assumption was based on the following ratio-
nales: first, the particles contained a specific ligand that could tar-
get only disease tissue; second, it was relatively small in size and
hydrophilic, consequently it would not be trapped in the liver and
spleen by RES; third, it was sufficiently large not to be filtered out
by or accumulated in the kidneys. To confirm this, the fluores-
cence-labeled folate-pRNA nanoparticle (AlexaFluor647-folate-
pRNA) was systemically delivered to nude mice bearing either
HeLa or KB xenograft tumors. The AlexaFluor647 was chosen as
a near-infrared fluorescent dye for its brightness, photostability,
and far-red emission spectrum that does not overlap with auto-
fluorescence levels in tissue to be conjugated to pRNA (5-P2;
see above) by direct coupling during the last step of P2 synthesis.
Twenty-four hours postadministration, the animals were imaged
using IVIS Lumina station. Whole-body imaging was first car-
ried out and then ex vivo imaging of major organ in order to fully
assess the fluorescence signals. The results demonstrated that the
fluorescence was mostly concentrated in the tumors, in contrast to
the small amount of fluorescence in other normal mouse tissues
(Figure 3a,b). This property can be an important advantage of
the pRNA nanoparticle for more efficient delivery with fewer side
effects, in contrast to other nanodelivery technologies.*’ As a neg-
ative control, a group of mice was predosed with 10 mg/kg of folic
acid administered intraperitonealy 10 minutes before injection of
AlexaFluor647-folate-pRNA through the tail vein. Interestingly,
both whole body and organ imaging analyses revealed signifi-
cantly reduced fluorescence intensity in the tumors (Figure 3a,b),
compared to the mice that were not dosed with folic acid. These
results clearly demonstrated the specific tumor targeting in vivo
by folate-pRNA nanoparticles.

Next, the dose effect on the accumulation of pRNA in the
tumor tissue was tested. The results demonstrated that a higher
dose level caused increased fluorescence intensity in the tumor.
The mean fluorescence increased 2.5-fold when the dose was
increased from 6 to 24 mg/kg (Figure 3c). This dose-dependent
accumulation of the fluorescent-pRNA nanoparticle suggests that
the amount of pRNA nanoparticles delivered to target tissues is
controllable by the amount of administrated dose and thus suit-
able for delivery of therapeutics and diagnostics, an important
feature of pharmaceutical entities.
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Figure 3 The folate-packaging RNA (pRNA) nanoparticle targets FR* tumors upon systemic administration. (a) HeLa xenograft tumor-bearing
nude mice were injected with 15nmol (~24 mg/kg) of KT-105 (Folate-AlexaFluor647-labeled pRNA nanoparticle) through the tail-vein (right). The
control mice were injected with either phosphate-buffered saline (PBS) (left) or with folate (intraperitoneal (i.p.), T0mg/kg) 10 minutes before
KT-105 injection (middle). The mice were euthanized 24 hours after injection and whole-body imaging was conducted using IVIS Lumina station.
(b) Following whole-body imaging, the mice were dissected and the major organ were isolated for imaging. H, heart; |, intestine; K, kidney; L, lung;
Ly, liver; M, muscle; S, spleen; T, tumor. (c) KB xenograft tumor-bearing nude mice were injected with 15 nmol (24 mg/kg) (lower panel) or 3.75nmol
(upper panel) (~6 mg/kg) of KT-105 through the tail vein. And organ were isolated and imaged as described above.

PK analysis of 2’-F-pRNA nanoparticle

PK parameters describe the fate and/or behavior of a drug in the
in vivo environment after administration. Two of the key factors
that may affect the PK profile are metabolic stability and clear-
ance (e.g., renal filtration and elimination by RES). The 2’-F modi-
fied pRNA nanoparticles have significantly enhanced metabolic
stability. The dimensions of the monomeric pRNA nanoparticles
are >11 nm, which is above the threshold of kidney filtration. The
hydrophilic nature, in addition to the optimum size, reduces RES-
mediated clearance. These facts should significantly improve the
PK profiles of pRNA nanoparticles by extending T, and reducing
the elimination rate. A PK analysis was carried out for the folate-
2’-F-pRNA nanoparticle in tumor-bearing mice upon systemic
administration (a single intravenous injection), in which P1 was
fluorescently labeled (AlexaFluor647) at the 5’-end (Figure 1a).
Fluorescence labeling was to ensure sensitive detection and quan-
tification of nanoparticles in plasma sample, as compared to the

Molecular Therapy vol. 19 no. 7 july 2011

low sensitivity of UV detection/quantification. The labeled folate-
2’-F-pRNA was injected via the tail vein at time 0, followed by
blood collection at different time points postadministration (5
minutes, 30 minutes, 2 hours, 5 hours, and 24 hours). The fluo-
rescent nanoparticle concentration in serum was then deter-
mined using capillary gel electrophoresis. The choice of using
capillary gel electrophoresis was to ensure the quantification of
the whole nanoparticle at corresponding elution time, instead of
fragmented/degraded pRNA molecules. The plasma concentra-
tion-time plot demonstrated a typical two-phase kinetics with
an initial rapid distribution phase, followed by a relatively slow
elimination phase (Figure 4). The secondary PK parameters were
calculated using a noncompartmental model, as shown in Table 1.
Our results demonstrated significantly extended terminal-phase
T,,, of 5-10 hours and the increased systemic exposure of AUC,_
of 2.0 x 10° hour-ng/ml when dosed at 24 mg/kg. The normal-
ized volume of distribution V, (1.2 1/kg) suggests that a significant
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Figure 4 Plasma concentration of packaging RNA (pRNA) nanopar-
ticle upon systemic administration. Tumor-bearing mice (n = 3) were
intravenously (i.v.) injected with 15 nmol of KT-105 (Folate-AlexaFluor647
pRNA nanoparticle). Blood was collected at different time points post-
administration (5 minutes, 30 minutes, 2 hours, 5 hours, and 24 hours)
through the lateral saphenous vein. The serum was isolated and the
serum concentration of the nanoparticle was determined using capillary
gel electrophoresis (CGE). The semi-log plot of the plasma concentration
versus time is shown.

Table 1 Secondary PK parameters of pRNA nanoparticles

Key parameters 2-F-pRNA siRNA?
AUC, , (hour-ng/ml) 2x10° 1.1 x 10°
T,,, (hours) 5-10 0.25
v, (I/kg) 12 0.36
CI (I/kg/hour) 0.13 1.0
Dose (mg/kg) 24 1.2

Abbreviations: AUC, area under the curve; Cl, clearance; PK, pharmacokinetic;
PRNA, packaging RNA; siRNA, small interfering RNA; T half-life; Vd' volume
of distribution.

aSee refs. 6,46,47,49.

fraction seemed to be distributed to peripheral tissues (outside
vascular or extravasation), particularly in tumor (as shown from
biodistribution results). The relatively small clearance (Cl) value
(significantly below the kidney filtration rate*) suggests that the
nanoparticles were not efficiently filtered out by the kidneys. In
addition, an apparent dose proportionality of exposure was also
observed, suggesting no saturation of the elimination pathways
(data not shown). This preferred PK of pRNA nanoparticle is
consistent with our hypothesis based on the characteristic physi-
cochemical properties (size, hydrophilicity, and stability) and
metabolic stability. In summary, pRNA is rapidly distributed and
slowly eliminated, in contrast to the rapid elimination of small
interfering RNA (reported PK parameters in the literature are
shown in Table 1).%-5

Toxicological evaluation of pRNA nanoparticles

One of the most important criteria for using pPRNA nanoparticles
as a nanodelivery platform is its safety profile. To this end, two
toxicological assessments of pRNA were performed in mice. The
rationale for choosing mice was to be consistent with both PK
and tumor targeting studies. First, three groups of four immuno-
competent C57B/6 mice each were injected via the tail-vein with
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phosphate-buffered saline (PBS) (group 1), pRNA at 30mg/kg
(group 2), and pRNA at 10mg/kg (group 3), respectively. Three
hours postadministration, the plasma samples from the treated
animals were analyzed for mouse TNF-a and interleukin-6 induc-
tion by enzyme-linked immunosorbent assay. The results showed
no induction of TNF-a and interleukin-6 at the tested dose levels
(data not shown).

In the second study, four groups of five C57B/6 mice each were
repeatedly administered pRNA nanoparticles once every 48 hours
by tail vein injection for 1 week (four injections total). Each group
was injected with PBS (group 1); 30mg/kg poly I:C (group 2);
30mg/kg pRNA (group 3); or 10mg/kg pRNA (group 4), respec-
tively. The animals were then examined for a variety of toxicologi-
cal parameters. All the animals survived the entire dosing period
without noticeable clinical signs or body weight changes. There
were no gross pathology differences between the pRNA and PBS
groups. There were slight enlargements in the spleen in the poly
I:C treated group as compared to the PBS group (Supplementary
Figure S4). There were no enlargements in the liver, kidneys, and
other organs for any of the treated groups as compared to the PBS
control group (Supplementary Figure S4). Clinical pathology
analysis indicated no obvious change in the pRNA-treated groups
as compared to the PBS control group, whereas there were statisti-
cally significant increases in both the total number of white blood
cells, monocytes, and neutrophils in the poly I:C-treated group,
along with an increase in the differentials of monocytes and neu-
trophils (Figure 5) correlating to the enlarged spleen (see above).
These changes in the poly I:C-treated animals are consistent with
the well-known immunostimulatory nature of poly I:C. Clinical
chemistry results demonstrated normal parametersin all the treated
animals. There was no change in the liver enzyme levels, correlat-
ing with the absence of liver enlargement in these animals (except
that the alanine transaminase levels of animal # 1588 were above
normal range, but this seems to be unrelated to pRNA because it
was the only anomaly among all 10 animals and was without a dose
correlation). All these data demonstrated that pRNA is safe, in con-
trast to poly I:C at the same dose level (30 mg/kg).

DISCUSSION

RNA nanoparticles have several important features (for review, see
ref. 5). First, RNA base pairing is strong (AG of UC/AG: -2.4 kcal/
mol versus AG of dTdC/dAdG —1.5 kcal/mol), enabling a more
stable 2° structure. In contrast to DNA, RNA can fold into well-
defined and stable 3° structures. For example, kissing-loop inter-
actions can be two- to threefolds more stable than the RNA duplex
of the same sequence.”*® Second, RNA, as an informational mol-
ecule, can be fabricated in different sizes, structures, and functions,
which are all coded in its sequences. Consequently, there is a poten-
tial for rationally engineering of RNA 3° structures that can lead to
useful functional modules (e.g., RNAi trigger and self-folding RNA
scaffolds mimicking ribozymes and aptamers). Third, since RNA
modularity is hierarchically manifested at chemical, structural, and
supramolecular levels, a desired RNA nanostructure with multiple
substructures and functions, in principle, can be predesigned and
constructed by a bottom-up process using programmable basic
building blocks. Fourth, scalable total synthetic chemistry proce-
dures are now available for industrial manufacturing and precise
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Figure 5 White blood cells counts in mice after packaging RNA (pRNA) nanoparticles injection. Clinical pathology analysis was conducted for
the C57B/6 mice upon 1-week repeat intravenous (i.v.)-administrations of pRNA versus polyinosinic:polycytidylic acid (poly I:C) at the indicated

doses. Total cell counts (left) and differentials (right) were displayed.

modifications of these predesigned building blocks. In addition,
two more attributes of RNA molecules make them potentially
attractive pharmaceutical products: (i) RNA is completely biocom-
patible, biodegradable, and nonimmunogenic, and (ii) modified
RNA is resistant to degradation by ribonucleases without altering
the original structure/functions in many cases."®

Despite these important features in theory, RNA nanotechnol-
ogy faces practical challenges because of its extreme flexibility and
variability. Each RNA nucleotide has 8° of freedom, and there are
competitions between the favorable stacking interaction and the
nonfavorable conformational entropy. RNA folds in a complex
process that involves divalent-ion-mediated electrostatic interac-
tions, conformational entropy, multistate RNA folding kinetics,
and noncanonical interactions.”*® A slight change in primary
sequences can result in unpredictable new structures. Therefore,
by the currently available tools, although it is theoretically pos-
sible to design RNA nanoparticles with the certain above features,
it is very challenging to reliably predict how this nanoparticle
might behave in reality. However, nature has provided us with
RNA nanoscaffolds that are evolutionally selected to possess these
features. Bacterial phage phi29 pRNA may be one of such natu-
rally occurring molecules."*** Our present studies indeed dem-
onstrated that chemically synthesized bipartite pRNA is tightly
folded and highly stable. It can be bottom-up self-assembled into
a functional nanoparticle from fully chemically synthesized basic
building blocks. The entire process is highly scalable and its high
modularity accommodates potentially broad applications.

A successful nanodelivery system needs to have a suitable phar-
macological profile of safety, PKs, and tissue distribution, coupled
with a specific disease-targeting mechanism. Nanoparticles with
such profiles usually have several key characteristics: (i) optimal
particle size (10-100nm) to avoid kidney or RES-mediated clear-
ance, (ii) biocompatibility derived from optimal physicochemical
properties such as surface charge and hydrophobicity and rigid-
ity of the particle,” (iii) thermodynamic and metabolic stability,
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(iv) non- or minimal cytotoxicity, and lack of induction of IFN
response. From our accumulated data, pRNA nanoparticle has all
these characteristics. To our knowledge, it is the first RNA nano-
particle to have been comprehensively examined pharmacologi-
cally in vivo, and demonstrated to be safe with favorable PK and
biodistribution profiles, as well as self-delivery to tumor tissues by
specific targeting mechanism.

The current studies demonstrated two rather important phar-
macological characteristics of pRNA nanoparticle. First, it did
not induce the IFN response, even for pRNA nanoparticles with a
long 5'/3" duplex region, modified or nonmodified. In particular,
pRNA nanoparticles did not cause the TLR3 pathway activation in
the TLR3-overexpressing reporter cell line. One possible interpre-
tation could be that it has a tightly folded structure with multiple
loops, resulting in little interaction with TLR3, and/or it has a larger
particle size than linear duplex RNA molecules. However, whether
this is true remains to be tested. Second, pRNA nanoparticle accu-
mulates in negligible amounts in liver, spleen, and lung, in contrast
to almost all known nanoparticles. Although the true underlying
mechanism is yet to be investigated, this could represent a great
advantage of pRNA nanoparticles over existing nanotechnologies
for therapeutic delivery, where pPRNA can minimize organ toxicities
and provide better distribution to the targeted disease tissues. These
unique characteristics of pRNA could be a direct result of its physic-
ochemical properties(hydrophilicity, negative surface charge, stable
tertiary structure, and optimal particle size).”! We believe that the
sufficiently small size of the monomeric pRNA nanoparticle enables
it to pass through the smallest blood vessels and deliver to a wide
spectrum of peripheral tissues. A tumor targeting pRNA nanopar-
ticle thus should not only target the primary tumor site where the
vasculature is leaky, but also metastatic disease in remote tissues.

Another advantage of pRNA nanoparticle is its robustness for
precise functionalization. As demonstrated in this report, folate and
fluorescence dyes can be stoichiometrically incorporated at the pre-
ciselocations as desired. Our previous studies have also shown other
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types of ligand such as RNA aptamers be incorporated into pRNA.*
Aptamers as functional modules could be of particular importance,
because they can be produced using the similar chemical process
and have some similar biocompartibility profiles as RNA nanopar-
ticles. One of the concerns over the attachment of aptamers to RNA
nanoparticle has been the possible disruption of structures/func-
tions of either the nanoparticle or the aptamer, or both. However,
we have not seen this disruption in several aptamers that we have
tested so far: CD4-aptamer-pRNA chimeric nanoparticle,'"” and
PSMA-aptamer (S. Abdelmawla, P. Guo, and Q.-X. Li ef al., unpub-
lished results), which is consistent with our hypothesis that the
unique stability of pRNA supports its diverse functionalization.

We have previously also demonstrated that the 5’/3” double
helix region of pPRNA could accommodate changes in the sequence
to act as RNAI trigger, leading to RNAI activity, which we called
“PRNAI”'® With the preferred pharmacological profiles, we pre-
dict that a targeted 2’-F-pRNAI nanoparticle would likely cause
in vivo silencing in the targeted tissues upon systemic administra-
tion. We anticipate that pRNAi would be a superior RNAi thera-
peutic over the naked small interfering RNA because of the larger
particle size and better PK profile of pRNA, and also over many
polymer and liposomal based small interfering RNA delivery plat-
forms because of the better safety profile and tissue distribution
profile. At present, we are investigating the pRNAi nanoparticle
both in vitro and in vivo as an RNAi delivery platform for thera-
peutic applications. Besides RNAi trigger, pPRNA nanoparticle can
also carry other conventional therapeutic payloads, such chemo-
therapeutic agents, which could also result in therapeutics supe-
rior to the free drugs in both safety and activity.

Another type of application for pPRNA nanoparticles is its pos-
sible use for imaging for targeted disease tissues as demonstrated
in this study. In addition to fluorescent dyes, other reporters as
radioactive isotopes or contrasting agents can also be incorpo-
rated for a variety of imaging applications, including PET and
NMR. We anticipate that such a system can lead to potential supe-
rior imaging properties over small molecule imaging agents due
to advantageous PK and biodistribution profiles. In particular,
tumor targeting pRNA nanoparticles carrying therapeutic pay-
loads and imaging agents can facilitate noninvasive diagnostic
imaging of tumors and monitor whether the therapeutic payloads
are delivered to the tumor sites. It can also facilitate personalized
treatment by imaging tumors and metastatic sites for treatment
justification and assessment of tumor response.

MATERIALS AND METHODS
Chemical synthesis of 2’-F-pRNA
Chemical synthesis of bipartite pRNA: The 2’-F-pRNA monomer molecule
was first chemically synthesized as two pieces with an approximate length of
~55ntof P1and ~60 nt of P2 (depending on the particular pPRNA monomer)
by Trilink Biotechnologies (San Diego, CA). The first oligonucleotide (P1)
has a 3’-OH group. The second oligonucleotide (P2) has a 5’-phosphate
group (Figure 1a). To assemble the pRNA monomer, simply mix and/or
anneal P1 and P2 at an equal molar ratio at the desired concentration. In
order to obtain 5’-folate, 5-Cy5, or 5'-AlexaFluor647 pRNA on P1 or P2,
folate-CEP, Cy5-CEP, or AlexaFluor-CEP were synthesized and used in the
last coupling step during synthesis of P1 and P2.

Enzymatic ligation of P1 and P2 to form a single full-length
PRNA monomer: First, P1 and P2 oligonucleotides were dissolved
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in 1x T4-RNA ligase buffer (New England BioLabs, Ipswich, MA)
at 50 umol/I final concentration for each oligo. The oligonucle-
otides were annealed by heating to 90°C for 10 minutes followed
by slow cooling to room temperature over the course of 45 min-
utes. To the annealed oligonucleotides solution, T4-RNA ligase
I (1.2U/ul) (New England BioLabs) was added and the reaction
carried out at 37°C overnight to form the pPRNA monomer. The
ligated product was extracted using phenol:chloroform followed
by ethanol precipitation and subsequent 10%/8 mol/l urea PAGE
purification. The purified product was quantified by UV absor-
bance at 260 nm using a NanoDrop ND-1000 spectrophotometer
(Nanodrop, Wilimington, DE).

Cellular uptake of pRNA nanoparticle by confocol microscopy and flow
cytometry. Fluorescently labeled-pRNA nanoparticles were used for cellular
uptake studies. Essentially, two labeling methods were used. First, direct cou-
pling of fluorescence at 5" end of the oligonucleotides was used as described
above. Second, the pRNA was labeled with fluorescein using the Label IT
kit and purified according to the manufacturer’s instructions (Invitrogen,
Eugene, OR). KB cells were grown in a folate-free RPMI-1640 medium
(Invitrogen) supplemented with 10% fetal bovine serum. For the cellu-
lar uptake experiment, the cells were cultured in 8-well-chambered slides
(LabTek; Nunc, Roskilde, Denmark) at a density of 1 x 10* cells/well. Twenty-
four hours later, the culture media was replaced with fresh 200 pl folate-free
media, and the fluorescently labeled folate-pRNA nanoparticles were added
at a final concentration of 200 nmol/l, either in the absence or in the presence
of 200-fold excess of free-folic acid. After incubation of the cells at 37°C for
30 minutes, confocal microscopy was conducted. Images were recorded with
an inverted Nikon Al confocal microscope using a x40 objective. Images
were processed using NIS software provided by Nikon (Mellville, NJ).

IFN response assays in vitro

Assess induction of IFN-response genes: To examine the induction of
OAS1&2, MX1, and IFITM1, KB cells were transfected with pRNAi
(50nmol/l) and poly I:C (1pg/ml), respectively using the Fugene-HD
transfection reagent (Roche, Promega, Madison, WI). After 24 hours,
total RNA was isolated using the RNeasy mini kit (Qiagen, Valencia,
CA), and reverse transcriptase-PCR was conducted using the primer sets
provided by the “IFNy qRT-primers” kit (InvivoGen, San Diego, CA) in
conjunction with the one-step reverse transcriptase-PCR kit (Invitrogen)
according to the manufacturer’s instructions. Target gene expression was
normalized to GAPDH expression. All reactions were done in triplicates
and with no reverse transcriptase or no template as negative controls.

To examine the expression of TLR-3, -7, -9, human peripheral
mononuclear cells were incubated for 24 hours with 2’-F modified pRNA and
poly I:C as a positive control. The expression levels of human TLR receptors
were analyzed by semiquantitative reverse transcriptase-PCR using TLR
reverse transcriptase-Primer Set (Invivogen), as described above.

Examination of TNF-« induction in the mouse RAW-246 cell line:
Mouse macrophage cell line, RAW-246 (ATCC, Manassas, VA), was
plated at a density of 30,000 cells/well in 200ul Dulbeccos modified
Eagle’s medium supplemented with 10% (vol/vol) fetal bovine serum in
96-well plate. The cells were incubated with pRNA nanoparticles at final
concentrations of 400, 100, 4 ug/ml for 3 hours at 37°C. Aliquots (20 ul)
from the culture medium were taken and analyzed using the enzyme-
linked immunosorbent assay kit for murine TNF-a, per the manufacturer’s
instruction (Antigenix America, Huntington, NY).

Examination of human TLR-3 pathway activation: HEK-Blue-
hTLR3 (Invivogen) cells were set up at a density of 300,000 cells/ml in
a test medium containing Dulbeccos modified Eagles medium, 4.5g/1
glucose, 100 pg/ml Normocin, 2 mmol/l L-glutamine, 10% (vol/vol) heat-
inactivated fetal bovine serum. The cell suspension (180 ul) was mixed
with a 20-pl pRNA solution and plated in each well of a 96-well plate with
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final concentrations of 3,000, 1,000, and 300 ng/ml, followed by overnight
incubation at 37 °C. Aliquots (20 ul) from the cell supernatant were mixed
with a 180 ul QUANTI-Blue detection medium (Invivogen) and incubated
at 37°C for 3 hours. The levels of SEAP were determined by measuring the
UV absorbance at 620655 nm.

PK analysis in mice. HeLa tumor bearing Balb/c nude male mice (three mice
total) (see below) were each injected with 600 ug of AlexaFluor647-labeled
pRNA monomer (24 mg/kg) through the tail vein. Blood was collected (up
to 20pl) through the lateral saphenous vein at 5 minutes, 30 minutes, 2
hours, 5 hours, and 24 hours time points. Blood samples were collected in
BD Vacutainer SST Serum Separation Tubes. The tubes were inverted five
times and left for 30 minutes at room temperature (to allow the blood to
clot), followed by centrifugation at 1,000-1,300 g for 10 minutes. Two micro
liter supernatant serums were mixed with 1pl of proteinase-K and 37pl
of water. The mixture was incubated at 37°C for 30 minutes before load-
ing onto the capillary gel electrophoresis machine. The pRNA in the blood
was quantified by capillary gel electrophoresis through measurement of the
fluorescence intensity using a P/ACE MDQ capillary electrophoresis sys-
tem with a 635nm laser suitable for AlexaFluor647 fluorophores (Beckman
Coulter, Fullerton, CA). The capillaries used were 32cm in length and
100 um in diameter. Samples were loaded by voltage injection for 40 seconds
at 4kV and allowed to run for 25 minutes at 7.8kV. The gel was replaced
after every run. The buffer and the nondenaturing gel were purchased from
Beckman Coulter (dsDNA 1000 Kit). The electropherograms produced were
integrated using the software “32 Karat” version 7 provided by Beckman
Coulter. The pRNA concentrations were calculated from a standard curve.
The serum concentration profiles were fitted with an IV bolus noncompart-
mental model using the Kinetica program (Fisher Scientific, Pittsburgh,
PA), and the key secondary PK parameters were deduced. The PK studies
were performed at Purdue animal facility per approved protocol.

Toxicological evaluation in mice. For the cytokine induction study,
three groups of four immunocompetent female C57B/6 mice (Harlan,
Indianapolis, IN) aged 10 weeks were injected via tail vein with PBS,
Ba’-2’-F-sur-pRNAi (KT-108) at 30mg/kg and KT-108 at 10 mg/kg.
The blood was collected by cardiac puncture 3 hours postinjection. The
plasma was prepared and analyzed for mouse TNF-a and interleukin-6
using enzyme-linked immunosorbent assay (Antigenix America). For
a 7-day repeat dose study, four groups of five mice were intravenously
injected (tail vein) with: (i) PBS, (ii) poly I:C at 30 mg/kg (Sigma-Aldrich,
St Louis, MO), (iii) KT-108 at 30 mg/kg, and (iv) KT-108 at 10 mg/kg.
The mice were treated once every 48 hours for 7 days (four doses total).
The mice were monitored for clinical signs and body weights. On day 7,
3 hours after the fourth injection, the mice were euthanized per protocol
and blood samples were collected by cardiac puncture for standard panel
clinical chemistry (including PT, aPTT) and clinical pathology analysis.
The gross pathology and organ weights were recorded (including spleen,
lymph nodes, liver, and kidneys). The toxicology study was conducted at
Explora BioLab per approved protocol (San Diego, CA).

Tumor targeting and biodistribution by imaging in xenograft tumor
models. For biodistribution and tumor targeting studies, 6-week-old male
nude mice (nu/nu) were purchased from NCI, Frederick, MD and main-
tained on a folate-free diet for a total of 2 weeks before the start of the
experiment. The mice were injected with different cancer cells (KB cells
~3 x 10° cells/mouse, HeLa cells ~1 x 107 cells/mouse in 40% matrigel in a
folate-free RPMI-1640 medium. When the tumors reached ~500 mm?®, the
mice were injected intravenously through the tail vein with a single dose
of 15nmol (24 mg/kg) of KT-105 (FA-AlexaFluor647 labeled-pRNA). The
control mice were injected with 10 mg/kg of free folate intraperitonealy 10
minutes before the KT-105 injection. The mice were euthanized by CO,
asphyxiation 24 hours postinjection, and whole-body imaging was con-
ducted using an IVIS Lumina station (Bindley Bioscience Center at Purdue
University, West Lafayette, IN). After whole-body imaging, the mice were
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dissected and the major organs and tumors were collected and laid out
for organ imaging (tumors, liver, spleen, heart, lung, intestine, kidney, and
skeletal muscle). The tumor targeting studies were performed at Purdue
animal facility per approved protocol.

SUPPLEMENTARY MATERIAL

Figure S1. CGE analysis of monomeric and dimeric pRNA
nanoparticles.

Figure $2. Chemically synthesized 2’F-pRNA nanoparticle are meta-
bolically stable.

Figure $3. Cellular uptake of pRNA nanoparticles with various folate
conjugation.

Figure S4. The organ weights of pRNA-treated mice.
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