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Abstract

While highly promising in medicine, gene therapy requires delivery agents to protect and target
nucleic acid therapeutics. We developed a plant viral siRNA delivery platform making use of self-
assembling cowpea chlorotic mottle virus (CCMV). CCMV was loaded with siRNAs targeting
GFP or FOXAZ1; to further enhance cell uptake and intracellular trafficking, resulting in more
effient gene knockdown, we appended CCMV with a cell penetrating peptide (CPP), specifically
M-lycotoxin peptide L17E.

Graphical Abstract

CCMV-siRNA L17E-CCMV-siRNA
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A plant viral gene silencing vector

Nucleic acid therapeutics have wide ranging applications: DNA or RNA coding for
functional proteins and enzymes could overcome loss-of function mutations and thus
provide hope for patients with genetic disorders such as cystic fibrosis 1 and muscular
dystrophy 2. Other avenues focus on delivery of small regulatory RNAs, such as small
interfering RNAs (siRNAs), microRNAs (miRNAs), as well as anti-miRs to regulate protein
expression 3. Gene silencing with siRNA holds tremendous promise in cancer therapy and
beyond; synthetic siRNAs can be designed to target in principle any gene of interest 4,
therefore enabling downregulation of genes involved in cell proliferation, epithelial-
mesenchymal transition, or drug resistance. Several strategies are in clinical testing °.
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However, to make a clinical impact, a delivery strategy is required, because ‘naked’ sSiRNAs
are not stable in plasma, not targeted, and their negative charge impairs efficient cell uptake.

Many different delivery platforms have been proposed, all of which have their advantages
and disadvantages. One principally differentiates viral vs. non-viral delivery systems.
Several mammalian viruses, such as lentivirus and adeno-associated virus (AAV) have been
developed for gene therapy ©. Because viruses have evolved machinery and mechanism to
navigate cell trafficking, these systems are highly efficient /. However drawbacks are
possible adverse effects as a result gene integration 8 and their inherent immunogenicity °.
Also, a library of non-viral delivery systems has been explored 1°. While non-viral systems
generally do not match the effectiveness of viral delivery systems, these systems offer safety.
Technological challenges can be instability in biological media leading to aggregation and/or
premature cargo release 11: 12, While several highly sophisticated systems have been
reported in recent years 13-15 there is a continued need for the development of efficient gene
delivery vehicles. Toward this goal, we have turned toward the study of plant viruses as an
intermediate between the viral and non-viral delivery system.

Plant viruses offer an exciting platform nanotechnology for several reasons: plant viruses are
non-infectious toward mammals 16, with no apparent toxicities observed at doses up to 100
mg/kg 1718, While ‘naked’ plant viruses are immunogenic, we have shown that stealth 19 20
or ‘self’ coatings reduce immunogenicity and enable evasion from carrier-specific antibodies
21 Lastly molecular farming in plants is cost-effective and high yielding 22. Compared to the
non-viral counterparts, (plant) viruses provide monodisperse nanoparticle preparations, thus
offering a high degree of quality control and assurance; and being biological materials,
(plant) viruses show exceptional stability in biological media 23,

Plant viruses are being developed for diverse applications in drug delivery 24; however, to
date there is only few examples of their use as gene delivery vectors. Principally, tobacco
mosaic virus (TMV) and cowpea chlorotic mottle virus (CCMV) have been tested for gene
therapy. TMV was engineered to deliver mRNA for vaccine applications 2°. Further, proof-
of-concept of CCMV-mediated gene delivery has been established using CCMV delivering
heterologous mRNA encoding for green fluorescent protein (GFP). Here the RNA cargo was
stabilized through encapsulation into the plant viral capsid and released into the cytoplasm
of mammalian cells facilitating protein expression, however this was only achieved through
co-delivery with Lipofectamine-2000 26,

In this work, we established the application of CCMV to deliver siRNAs targeting first GFP
for proof of concept and the forkhead box transcription factor (FOXAL) as a therapeutic
target 27. To mediate cell trafficking and overcome the need for use of Lipofectamine, we
appended CCMV with cell penetrating peptides (CPPs), specifically M-lycotoxin peptide
L17E %8,

CCMV particles were produced in black-eyes peas No. 5 by mechanical inoculation and
purification from homogenized leaves by chloroform extraction, PEG precipitation, and
ultracentrifugation; as an alternative, we also produced CCMV coat proteins using an E. coli
expression system (both methods are described in detail in the Supplementary Information).
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First, we established whether CCMV would enter mammalian cells using HeLa cells, a well-
established cancer cell line. For imaging and flow cytometry analysis, Cyanine5 (Cy5)-
labeled CCMV was obtained using an NHS-activated Cy5 enabling coupling to CCMV’s
surface lysines 2% (Supplementary Information). UV/vis spectroscopy indicated that CCMV
was labeled with approximately 60 Cy5 dyes per CCMV particle.

For quantitative flow cytometry assays, 1x10° CCMV per cell were added and particles were
allowed to interact with HeL a cells for 6 hours. Cells were treated with pronase to assess the
level of surface-bound CCMV. Similarly, confocal microscopy studies were performed; flow
cytometry and imaging data are in agreement and indicate that CCMV indeed enters HelLa
cells; only a fraction of particles remain surface bound and hence are removed by the
pronase treatment (Figure 1A+B). Significant co-localization with cell surface marker wheat
germ agglutinin (WGA) was not observed; however, staining with an endolyosomal marker
(Lamp-1) revealed that CCMV is partially entrapped within endolysosomal vesicles
(Manders coefficient of Mcemy vs. Lamp-1 = 0.32, Figure 1C+D); i.e. data suggest that
CCMV at least partially escapes the endolyosomal compartment. Based on these
encouraging data, we prepared siRNA-laden CCMV with and without CPP L17E.

siRNA encapsulation was achieved making use of well-established, pH- and salt-controlled,
dis- and assembly methods 39; to yield CCMV loaded with sSiRNA, the dicer substrate
SiRNA as well as their non-targeted control RNAs were added at a 6:1 (w/w) ratio (Figure
2A,; see Supplementary Information). Transmission electron microscopy (TEM) imaging
revealed that reconstituted CCMV carrying siRNAs were structurally sound forming 30 nm-
sized icosahedral particles (Figure 2B,C).

Next, a CPP was added; specifically, we chose the M-lycotoxin peptide L17E 28. This
peptide was initially derived from spider venom; the L17E has Glu additions to reduce the
overall positive charge and therefore enhance function. Data suggest that the L17E
preferentially disrupts endolysosomal over plasma membranes; furthermore, when added to
biologics (such as antibodies), L17E promotes cell uptake by micropinocytosis, thus making
it a promising candidate for nanoparticle-mediated gene delivery. We reasoned that the
addition of the CPP would be beneficial and increase efficacy of siRNA delivery, because
our data showed that CCMYV, at least in part, is entrapped in the endolysosomal compartment
(see Figure 1).

The following peptide was synthesized: IWLTALKFLGKHAAKHEAKQQLSKL with C-
terminal amide or Gly-Gly-Cys linker; the latter was used for bioconjugation to CCMV’s
surface lysines using an SM(PEG)4 linker (detailed protocols are listed in the Supplementary
Information). Varying the peptide:CCMV ratio did not have significant impact on the
labeling efficiency. SDS-PAGE revealed that ~ 15-20% of CCMV'’s coat proteins were
modified using molar ratios of 600, 900, and 1200:1 peptide:CCMV (Figure 2D); or in other
words, the conjugation yielded CCMV displaying ~ 30 L17E peptides per particle (Figure
2D). Quantification was carried out by measuring the band density comparing L17E-labeled
CP vs. native CP using band analysis tool and ImageJ software. Using these methods, we
then produced dual-functional CCMV loaded with siRNA and tagged with L17E peptides
(Figure 2E); SDS-PAGE revealed successful conjugation of the CPP, and agarose gel
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electrophoresis using a nucleic acid stain revealed successful encapsulation of the sSiRNA
cargo (Figure 2F). Using a fluorescently-labeled eGFP-Cy3 siRNA we determined that
CCMV could encapsulate 2—-3 UM siRNAs (detailed methods are described in the
Supplementary Information).

First, for proof-of-concept, we used GFP-expressing HeLa cells and treated these with
siRNA-loaded CCMV particles with and without L17E peptide; control experiments
included the use of free sSiRNA and CCMV-delivered siRNA in combination with
lipofectamine; we used target and non-target siRNAs (at a 7.5-10 nM concentration;
Supplementary Information). Confocal microscopy revealed successful gene silencing
mediated by the plant viral siRNA delivery vector (Figure 3A—F): comparing siRNA-loaded
CCMV vs. CCMV-L17E it was apparent that the addition of the L17E peptide increased
efficacy; GFP expression was silenced across more cells. For either nanoparticle formulation
it was apparent that GFP silencing was not achieved uniformly across all cells; however,
cells that showed positive signals for CCMV (shown in red in Figure 3), loss of GFP
fluorescence was apparent (Figure 3B+C). Quantitative analysis using real time gPCR
(detailed methods are listed in the Supplementary Information) showed that indeed addition
of the L17E CPP increased the effectiveness of the gene silencing approach; while CCMV
alone yielded 30% downregulation of GFP expression, the siRNA-loaded L17E-CCMV
formulation achieved 50% downregulation of GFP mRNA. Interestingly, mixing CCMV
with the L17E peptide did not give rise to gene silencing (sample: L17TE+CCMV-siRNA). A
previous study showed that physical mixtures of the L17E peptide and antibodies enabled
cytosolic delivery of therapeutic antibodies 28. In contrast, L17E + CCMV mixtures resulted
in aggregation, likely based on the polyvalent nature of the CCMV particles with its overall
negative surface charge building multi-particle interlinkages with the positively-charged
L17E peptide (pl ~ 10); therefore, preventing cell uptake, cargo delivery, and gene silencing
(Figure 3G).

Lastly, we selected siRNASs to target FOXAL as a potential therapeutic target in breast cancer
27 or prostate cancer. Data indicate a critical role of FOXAL1 in cell proliferation, and studies
suggest that gene silencing is indeed a successful strategy to inhibit cell proliferation and
induce GO/G1 arrest 31, Here we tested whether CCMV formulated with siRNAs targeting
FOXA1 would allow gene silencing using the breast cancer cell line MCF-7. Data indicate
that siRNA-loaded CCMV alone was not effective in silencing the target gene FOXA1,
however, conjugation of the CPP L17E restored efficacy leading to knockdown of FOXA1
mRNA levels by ~ 50%, matching the effectiveness of lipofectamine (Figure 4). However,
also here we found that the L17E peptide needed to be covalently conjugated and displayed
on CCMYV; physical mixtures of siRNA-loaded CCMV + L17E peptide had no efficacy,
which again can be explained by instability of this mixture.

Conclusions

We demonstrate that siRNA molecules can be effectively loaded into CCMV nanoparticles.
While target gene knockdown using the native CCMV protein was observed using HeLa
cells overexpressing GFP, only CCMV with appended CPPs, here M-lycotoxin peptide
L17E, were efficient in silencing FOXAL gene. While plant viruses offer advantageous
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properties for biological applications, they have not evolved the sophisticated machinery of
mammalian viral vectors, to navigate the cellular compartments of mammalian cells.
Therefore, the addition of CPPs or other strategies that would prime endolyosomal escape
likely will be beneficial for the development of effective plant viral gene delivery vectors.
Similar observations have been made using the capsids from bacteriophages 32 33, which,
like plant viruses, offer a highly intriguing nanotechnology platform but lack mechanism to
engage with mammalian cells. Nevertheless, gene silencing using the native CCMV capsid
was apparent and imaging data indicate that the CCMV nanoparticle was only partially
trapped within the endolysosomal compartment. In conclusion, this study lays a foundation
for the use of CCMV for siRNA delivery.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A) Flow cytometry was used to assess the uptake of CCMV-Cy5 in HelLa cells after

incubation at 37°C for 6h. Following incubation, cells were treated with and without pronase
to remove any loosely bound particles from the cell. (B) mean fluorescence intensity. (C,D)
Confocal microscopy of HeLa cells (C), and HeLa cells with CCMV-Cy5 particles (D).
DAPI in blue; LAMP1 (lysosomes) in red; WGA (membrane) in magenta; CCMV particles
in green. Scale bar = 25um.
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Figure 2.
Characterization of reassembled CCMV particles. (A) Scheme for disassembly of whole

CCMV virions to coat proteins, then the reassembly around heterologous siRNAs to make
CCMV-siRNA. (B) Transmission electron micrograph of CCMV particles. (C) Transmission
electron micrograph of reassembled CCMV particles. Scale bar = 50 nm. (D) SDS-PAGE
analysis of CCMV after conjugation with various molar excesses (600, 900, 1200:1
L17E:CCMV) of the cell penetrating peptide m-lycotoxin, L17E (CPP). The CCMV single
coat protein is approximately 20 kDa. Successful conjugation is indicated by the higher
molecular weight band (see arrow). (E) SDS-PAGE analysis of reassembled CCMV
encapsulated eGFP siRNA or negative control siRNA. Lanes 1, 4 = CCMV; 2,5 =
reassembled CCMV; 3, 6 = reassembled L17E-labeled CCMV. (F) Agarose gel
electrophoresis showing successful encapsulation of siRNA in reassembled CCMV. Lane 1
= CCMV (positive control); 2 = CCMV-eGFPsiRNA; 3 = CCMV-neg-siRNA.
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Normalized Expression

Figure 3.
siRNA silencing of HeLa/GFP cells. (A-F) Confocal microscopy of HeLa/GFP cells treated

with different particle formulations for 24 hours. Loss of eGFP expression occurred when
cells were treated with siRNA targeting eGFP. (A) HeLa/GFP cells only control. (B-C) Cells
treated with CCMV-eGFPsiRNA and CCMV-mlyco-eGFPsiRNA (mlyco=L17E peptide),
respectively. CCMV particles (red) are present in cells with no eGFP expression. (D) Cells
treated with lipofectamine+eGFPSiRNA; (E-F) with CCMV-negsiRNA and CCMV-mlyco-
negsiRNA. Particles are visible in the cell indicating cell uptake, but no silencing of eGFP
present. DAPI in blue; CCMV particles in red; WGA (membrane) in magenta; HeLa/GFP
cells in green. Scale bar = 25um. (G) Quantitative real-time PCR showing relative levels of
eGFP expression in cells after various treatments. Statistically significant changes in eGFP
expression relative to the cells only control after a one-way ANOVA are indicated with *,
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Figure 4.
Quantitative real time PCR assessing the level of FOXAL expression in MCF-7 cells after

treatment with siRNAs, delivered with lipofectamine or encapsulated within CCMV and
CCMV conjugated with m-lycotoxin L17E peptide (CPP). Statistically significant changes
in FOXAL expression relative to the cells only control after a one-way ANOVA are indicated
with *,
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