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Abstract

Nearly 20% of cultured shrimp die every year due to viral diseases. In this study, we
evaluated the capacity of nanoparticulate RNA interference (RNAI) to down-regulate genes
in Penaeus vannamei shrimp and protect shrimp against white spot syndrome virus (WSSV,
i.e. white spot disease). Using a reporter target gene, Rab7, we show that the length of the
administered dsRNA correlates with gene knockdown. We found that 250 bp-long dsRNA
strands knocked down gene expression most effectively, followed by 125 and 70 bp-long
strands. The 21 bp long strands did not downregulate the gene. We also show gene
downregulation to be concentration dependent. Even at low RNA concentrations of 0.01
ug per gram-body-weight gene knockdown exceeded 80%. Knockdown levels were
similar in multiple organs, including the gills, gut, hepato-pancreas, pleopods and muscle.
Gene knockdown lasted for one month, after which gene expression recuperated. To
protect the RNA molecules from enzymatic degradation, we complexed the RNA with the

cationic polysaccharide chitosan, forming 90-200 nm particles that facilitated efficient
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RNAI in vivo. In a double-blinded viral challenge test, RNAI targeting viral-protein 28 (VP28)
protected the shrimp against WSSV infection. Survival of animals treated with RNAI
nanoparticles exceeded 95% compared to no survival in the untreated controls.

Nanoparticulate RNAI is an effective modality for protecting against viral diseases.

Design, System, Application

We describe the molecular design of a RNA-chitosan nanoparticle for treating viral diseases
in aquaculture. Specifically, we show that RNA-interference downregulates viral gene
expression in shrimp for nearly one month after administering a single dose of RNA-
nanoparticles. This targeted treatment protected shrimp against a fatal disease — white spot
syndrome virus, which impacts the global food chain and food safety. We demonstrate that
designing the molecular building blocks plays an important role in the structure and function
of the self-assembled supra-molecular nanoparticle. For example, chemically-modified
chitosan polymers complexed with double-stranded RNA formed 150-200 nm
nanoparticles, while the same polymer complexed with long single-strand RNA formed
particles of half the size. This study highlights the promise of nanotechnologies for treating

pandemics.

1. Introduction

Shrimp is a primary dietary source in both developing and developed countries 1=% To meet this
large demand, shrimp farming has intensified over the past decades. At the same time, the impact
of viral diseases has surged, destroying nearly 20% of the global produce armually.2

White spot syndrome virus (WSSV, the virus that induces white spot disease — WSD), is one of
the most lethal infections in shrimp and has no existing treatment. Countries effected by WSSV
include the Philippines, China, Indonesia, Iran, Brazil, Australia, India and many others.2

WSSV is a 300 kb dsDNA virus that is approximately 350 nm long and 130 nm in diameter2 The
surface of the viral capsid is decorated with proteins that facilitate its invasion through the shrimp’s
stomach, gills, cuticular epidermis and hepatopancreas.ﬂ The virus utilizes clathrin mediated

endocytosis to penetrate cells, eventually escaping from early endosomes via Rab7 (endogenous




to the shrimp) and viral protein-28 (VP28) pathways.glg Infected shrimp present white spots on
their body, and usually die three to seven days post infection.8

RNA interference (RNAI) is an effective gene downregulation mechanism induced by RNALO |n
this process, mMRNA is degraded through a RNA-induced silencing complex (RISC) by introducing

fragments of complementary RNA to the treated cell1L12 Recent Phase Il clinical trials with RNAI

have proven effective in treating disease 1314 we sought to use RNAI to downregulate genes that
facilitate the viral progression within the shrimp’s body. Specifically, we targeted Rab7 and VP28.
RNA is susceptible to enzymatic degradation in the water or before entering cells inside the

shrimp's body.ﬁ Nanoparticulate RNA formulations are playing a major role in facilitating RNAi in

vivol6l7 For 5 nanoparticle formulation to be effective it must protect the RNA payload from
enzymatic degradation and release the RNA at a therapeutic dose intracellularly.ﬁlM RNA
nanoparticles usually contain a cationic component, such as polymers or lipids, that complex
electrostatically with the negatively-charged RNA payload to form nanoparticles.ﬁ

We used chitosan, a polysaccharide that is sourced from the shrimp's exoskeleton, as our
cationic molecular template. To adjust the charge density on the chitosan we modified the
number of primary amine groups on the molecule, resulting in a cationic polymer capable of
complexing with RNA into nanoparticles.

Chitosan is a biodegradable and biocompatible co-polymer of glucosamine and N-acetyl-D-

glucosamine derived from chitin. Specifically, chitosan is a deacetylated chitin polymer, which, in

contrast to chitin, has free amine groups.24 25 At acidic pH, below its pK; (~6.5), the primary
amines in chitosan become positively charged. These protonated amines enable the chitosan to
bind to the negatively-charged dsRNA and condense into particles.& The degree of
deacetylation on the polymer backbone plays an important role in controlling its affinity to the
nucleic acid.26=28

In this study we used chemically-modified chitosan-based nanoparticles to carry anti-Rab7/

and anti-VP28 RNA and evaluated their ability to downregulate gene expression in vivo.

2. Materials and methods
dsRNA production

Rab7, a primary gene that is involved in shrimp viral infection cascades, was chosen as the target
gene for optimizing the silencing effect. Inhibition of Rab/ protein leads to increased immunity
against the WSSV virus. dsRNA was produced in-house using in vivo bacterial expression system.

Rab7 gene was cloned into a E. coli expression vector in forward and reverse orientation



downstream to the T/ promoter. The two fragments were separated by a 100 bp non coding loop
region. For cloning a recombinant plasmid containing an inverted repeat of stem and loop a
synthetic fragment containing Litopenaeus vannamei Ras-related protein (Rab7, accession #
JQ581679) partial sequence and non-coding addition for the loop was synthesized (Loop,
sequence below). This fragment was used as template for amplification of sense 250 bp Rab7
sequence + loop region using the primers: Xbal Rab7 250 Forward
GAAACTCTAGATGGGTAACAAGATTGATCTGGAG and BamHI Rab7 250 Reverse
AGCCGGATCCtagcttacga. The PCR product was cloned into pET9a (Novagen) using Xbal +
BamHI restriction sites. The antisense Rab7 was PCR amplified using the same template with the
following primers: BamHI| 250 forward GCATAGGATCCTGGGTAACAAGATTGATCTGGAG and Pstl
250 reverse GAGTACTGCAGCATCCTGTTTAGCCTTGTTGTCA and was cloned using BamH|, Pstl
to generate the final plasmid — pET9a-Rab7 250 RNAI. The recombinant plasmid (pET9a-Rab7
250) containing an inverted repeat of stem loop Rab7 was transformed by heat shock method
into the ribonuclease Il (Rnase Ill) mutant E. coli strain HT115. Expression of stem loop Rab7 was
induced by adding 0.4 mM isopropyl-B-D thiogalactoside (IPTG) into the bacterial culture. The
culture was harvested 4 hours after IPTG induction. Bacterial single-stranded RNA (ssRNA) and
loop region of stem loop Rab7 were digested with ribonuclease A (Rnase A). Then, the dsRNA was
extracted by TRIzol RNA Isolation Reagents (ThermoFisher Scientific) according to the
manufacturer’'s instructions. Concentration of dsRNA-Rab7 were determined by UV-
spectrophotometry at wavelength 260 nm and agarose gel electrophoresis. The same procedure
using different primers (below) was used for production of 125 and 70 bp dsRNA fragments.

Rab7 silencing levels in shrimp, using either in vitro or bacteria production of dsRNA were

similar.

Sample collection, RNA extraction and cDNA synthesis

Gill or other organs samples from each shrimp were collected and placed immediately in liquid
nitrogen until use. The samples were homogenized using glass beads in 1 ml TRIzol reagent using
an Argos pestle motor mixer and total RNA was extracted by TRIzol RNA Isolation Reagents
(ThermoFisher Scientific) according to the manufacturer's instructions, followed by Dnase
treatment (TURBO DNA-free, Ambion). First strand cDNA was synthesized using RevertAid First

Strand cDNA Synthesis according to the manufacturer's instructions.

RNA quantification by quantitative PCR



Quantification of the Rab7 gene (Accession # FJ811529) by quantitative PCR was performed as
described by (Vatanavicharn et al, 2014). The primers sequence for gRT analysis was selected
from Rab7 fragment that is not part of the fragment chosen for the dsRNA production to avoid
errors caused by the dsRNA delivery. 2 ul of the cDNA was used in a 10 ul reaction prepared using
gPCRBIO Probe Mix Lo-ROX (PCR Biosystems) and PrimeTime gPCR Assays (IDT) containing the
following primers and probe: Rab7 Forward GGGATACAGCTGGTCAAGAAA; Rab7 Reverse
CGAGAGACTTGAAGGTATTGGG and FAM labeled probe — CGAGGAGCTGATTGTTGTGTTCTCGT
(500 nM primers and 250 nM probe).

PCR was performed in CFX96 Touch Real-Time PCR Detection System using the default
thermal cycling conditions. Real-time RT-PCR C¢values obtained for Rab7 mRNA were
normalized against C¢values obtained for EF1a mRNA (Accession # GU136229) using the
following primers and probe: EFla Forward GTGGAGACCTTCCAACAGTATG, EFla Reverse
CCTTCTTGTTGACCTCCTTGAT and FAM labeled probe TGCGTGACATGAAGCAGACGG. A mean
delta C¢value + SD was determined for each treatment (minimum of 5 shrimp each) and the

quantification was relative to a non-treated control that was set to 1.

Tail muscle injection of dsRNA

To deliver dsRNA by injection, 10 uL saline solution containing each dsRNA formulation in the
tested concentration was injected into the tail muscle of the 3rd abdominal segment of each

shrimp using a 50 ul Hamilton glass syringe equipped with a 26-guage needle.

N-Acetylation of chitosan

1.5 g chitosan (HMC* Chitoscience Chitosan 80/20, Mw 40-150 kDa) were dissolved in 4% (v/v)
acetic acid solution (50 ml), and acetic anhydride in 50 ml absolute ethanol was added. As the
amount of acetic anhydride determines the extent of the N-acetylation reaction and therefore the
deacetylation degree (DD) of the final product, different amounts of acetic anhydride were used.
After stirring at 40 °C for 12 h, the reaction was stopped by pH neutralization with NaOH (5 M) to
pH 9. The resulting precipitate was centrifuged (15 000 g for 10 min at 4 °C) and washed
thoroughly with deionized water at pH 9. This procedure was repeated 3 times. Then, the
precipitate was washed from solvents and impurities by dialysis (SpectrumLabs, 12—-14 kDa pore
size) in 5 L of deionized water for 72 h. The water was replaced 8 times during this period. The
resulting N-acetylated chitosan was recovered from the dialysis bag using centrifugation (15 000

g for 15 min at 4 °C) and freeze-drying for 48 h using lyophilizer (Labconco) (Scheme 1).
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Scheme 1 N-Acetylation reaction of chitosan.

Potentiometric determination of deacetylation degree

Potentiometric titration was used to determine the deacetylation degree (DD) of the N-acetylated
chitosan. Briefly, 0.2 g of the synthesized chitosan was dissolved in 30 ml of 0.1 M hydrochloric
acid. After 2 hours of continuous stirring, 25 ml of deionized water was added and the stirring
continued for additional 1 hour. When the chitosan was completely dissolved, the solution was
titrated with a 0.1 M sodium hydroxide solution. From the titration of this solution, a curve with
two inflexion points was obtained. The amount of the acid consumed between these two points
was considered to correspond to the amount of the free amino groups in the solution (Tolaimate,
2000). The titration was performed with a pH meter (EUTECH instruments).

Degree of deacetylation (DD) of chitosan was calculated using the following formula:

%DD = 2.03 =t
m+0.0042(V, - 1,)

where mis weight of sample. V;, V, are the volumes of 0.1 M sodium hydroxide solution

corresponding to the deflection points. 2.03 is coefficient resulting from the molecular weight of
chitin monomer unit. 0.0042 is coefficient resulting from the difference between molecular
weights of chitin and chitosan monomer units.

Preparation of chitosan-dsRNA nanoparticles

Formulations with different polymer/dsRNA mass ratios were prepared by a self-assembly method
while keeping the amount of dsRNA constant (20 ng mL™1). Chitosan or its N-acetylated derivative
was dissolved to a concentration of 4% (w/v) in 0.2 M sodium acetate buffer (pH 4.6). Working
solutions with concentrations of 0.01-0.1% were made from the stock by dilution with the same
buffer. Equal volumes of Rab7 dsRNA solution (100 pg mltin 0.2 M sodium acetate buffer) and
chitosan solutions were quickly mixed under high vortexing for 30 s and incubated for 1 hour at

RT. The assembled nanoparticles were used without further purification. Since the dsRNA
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concentration remains constant for all nanoparticle solutions, manipulating the chitosan

concentration changes the polymer/dsRNA mass ratio.

Characterization of nanoparticles

Particle size and surface charge (zeta potential) of the chitosan/dsRNA nanoparticles were
determined using a Zetasizer Nano ZSP (Malvern Instruments, UK). Particle size measurements
were performed at a 173° angle and a temperature of 25 °C. The size is expressed as the z-average
hydrodynamic diameter obtained by a cumulative analysis of the correlation function using the
viscosity and refractive index of water in the calculations. The surface charge of the nanoparticles
distributed in sodium acetate buffer (pH 4.6 unless otherwise is stated) was measured using a
disposable folded capillary cell (Malvern Instruments, UK).

dsRNA retention and release. After nanoparticle formation, dsRNA retention was assessed by
gel electrophoresis in 1.5% agarose (Sigma) in TAE (X1, Hy-Labs) with ethidium bromide (Hy-Labs).

Gels were run at 100 mV for 30 min and dsRNA retention was visualized under UV light.
Production of ssRNA

The Rab7-ssRNA was synthesized in vitro. For generating the DNA template for the ssRNA
synthesis, a synthetic fragment containing Litopenaeus vannamei Ras-related protein (Rab7,
accession # JQ581679) partial sequence was synthesized. This fragment was used as a template
for amplification of sense and antisense 250 b Rab”7 sequence using the following primers:

Rab7 for TGGGTAACAAGATTGATCTGGAG; T7 rab7 Rev
GGATCCTAATACGACTCACTATAGGCATCCTGTTTAGCCTTGTTGTC.

In vitro transcription was performed using T7 RiboMAX Express RNAI System (Promega)
according to the manufacturer protocol. The reaction was incubated for 1 hour at 37 °C, followed
by DNase treatment and ethanol precipitation. The RNA was resuspended in nuclease free water
and its concentration was determined by UV-spectrophotometry at wavelength 260 nm and
agarose gel electrophoresis.

Antisense fragment:

CATCCTGTTTAGCCTTGTTGTCATTGGTCAATTTGATCTGGTCTGGAAACTCATTGTACAGCTCC
ACCTCTGACTCCTGAGCAAGAGCATTGCGAGCAATGGTCTGGAAAGCTAGCTCCACATTAATAGCT
TCCTTTGCACTAGTTTCAAAGTAGGGAACTTCATTTTTACTATGACACCATTGTTGTGCTCGCTTCG
TCGATACCGCCCTATTCTCCAGATCAATCTTGTTACCCA.

RNAse assay



Complex stability and ability to protect the dsRNA from degradation was examined using the
RNAse A enzymatic degradation assay. Briefly, free dsRNA and H55/dsRNA and H42/dsRNA
complexes were first exposed to RNAse A (Promega, Cat# A7970, Madison, WI) for an hour at 37
°C (20 ng RNAse A per 1 ug complexed RNA). Then, the enzyme was inactivated by RNAse
inhibitor (80 units per 1 ug of complexed RNA, Ribolock RNAse inhibitor, 20 U ul™1, Thermo Fisher
Scientific, Waltham, MA) and the dsRNA was released from the nanoparticles by incubation of 1
hour at 37 °C with Chitosanase (Sigma). The free dsRNA was precipitated with cold isopropanol.
The pellets were then re-dissolved in 30 ul of DEPC-water and applied to a 1.5% agarose gel

electrophoresis for 30 min at 100 V.

WSSV challenge test

RNA production. For producing WSSV VP28 250 bp dsRNA, the following synthetic DNA
template was commercially synthesized:

CCATGGGCAGCAGCCATCATCATCATCATCACGGATCCGGCAGGTATCACAACACTGTGACCAA
GACCATCGAAACCCACACAGACAATATCGAGACAAACATGGATGAAAACCTCCGCATTCCTGTGAC
TGCTGAGGTTGGATCAGGCTACTTCAAGATGACTGATGTGTCCTTTGACAGCGACACCTTGGGCAA
AATCAAGATCCGCAATGGAAAGTCTGATGCACAGATGAAGGAAGAAGATGCGGATCTTGTCATCACT
CCCGTGGAGGGCCGAGCACTCGAAGTGACTGTGGGGCAGAATCTCACCTTTGAGGGAACATTCA
AGGTGTGGAACAACACATCAAGAAAGATCAACATCACTGGTATGCAGATGGTGCCAAAGATTAACCC
ATCAAAGGCCTTTGTCGGTAGCTCCAACACCTCCTCCTTCACCCCCGTCTCTATTGATGAGGATGA
AGTTGGCACCTTTGTGTGTGGTACCACCTTTGGCGCACCAATTGCAGCTACCGCCGGTGGAAATC
TTTTCGACATGTACGTGCACGTCACCTACTCTGGCACTGAGACCGAGTAAGCGGCCGCAACTCGA
GAACG.

This fragment was used as template for amplification of sense 250 bp VP28 sequence using the
primers: Xbal VP28-3 for GACTATCTAGACATTCAAGGTGTGGAACAACAC and Ncol VP28-3 Rev
ACGTACCATGGCTCGGTCTCAGTGCCAGAGT. The PCR product was cloned into pET9a based
plasmid (containing a loop fragment between its Pstl and Ncol sites) using Xbal + Ncol restriction
sites. The antisense VP28 was PCR amplified using the same template with the following primers:
BamHI VP28-3 For ACATAGGATCCCATTCAAGGTGTGGAACAACAC and Pstl VP28-3 Rev
ACAGACTGCAGCTCGGTCTCAGTGCCAGAGT and was cloned using BamHI, Pstl to generate the
final plasmid — pET9a-VP28 250 RNAI. The recombinant plasmid (pET9a-VP28 250 RNAI)
containing an inverted repeat of stem loop VP28 was transformed by heat shock method into the
ribonuclease Ill (RNase Ill) mutant E. coli strain HT115. Expression of stem loop VP28 was induced

by adding 0.4 mM isopropyl-B-D thiogalactoside (IPTG) into the bacterial culture.29 The culture



was harvested 4 hours after IPTG induction. Bacterial single-stranded RNA (ssRNA) and loop
region of stem loop VP28 were digested with ribonuclease A (RNase A). Then, the dsRNA-VP28
was extracted by TRIzol RNA Isolation Reagents (ThermoFisher Scientific) according to the
manufacturer’'s instructions. Concentration of dsRNA-VP28 was determined by UV-
spectrophotometry at 260 nm and agarose gel electrophoresis.

Production of VP28 125 bp fragment was performed in vitro. For production of the VP28 125
bp fragment, the synthetic VP28 DNA fragment was used as a template for amplification antisense
125 bp VP28 sequence using the following primers:

T7 VP28 125 Forward:

GGATCCTAATACGACTCACTATAGGGGCAGAATCTCACCTTTGAGG.

VP28 Rev: GTTGGAGCTACCGACAAAGG

In vitro transcription was performed using T7 RiboMAX Express RNAIi System (Promega)
according to the manufacturer's protocol. The reaction was incubated for 1 h at 37 °C, followed
by DNase treatment and ethanol precipitation. The RNA was resuspended in nuclease-free water
and its concentration was determined by UV-spectrophotometry at 260 nm and agarose gel
electrophoresis.

Shrimp. All studies followed the Animal Healthcare Act and were conducted with daily
supervision to maintain animal welfare and ethical research norms. White leg shrimp, Penaeus
vannamei, of approximately 2 grams each were supplied by SyAqua Siam Ltd. Total amount of
1000 shrimp was acclimatized in 3-ton tank at 30 ppt salinity for 5 days before the experiment.
The shrimp were fed with a commercial diet at 5% body weight. Dissolved oxygen (DO) was
maintained at more than 4 ppm and water was exchanged as needed.

Experimental design. Three treatments were tested (below) and two control groups, one
positive — challenge with the virus after injection of 1% NaCl and one negative (no challenge with
the virus). Thus, the juvenile shrimp were divided in 5 groups each in 4 replicates of 20 individuals
in 60 L tanks.

Treatment 1: injection of free (uncomplexed) VP28 250 bp fragment.

Treatment 2: injection of free (uncomplexed) VP28 125 bp fragment.

Treatment 3: injection of H55/VP28 250 bp fragment.

Disease challenge. Juvenile shrimp (size 2 g) were challenged with WSSV by per os infection
in 24 tanks of 60 L tanks. 48 hours following the administration of the treatments, WSSV infected
minced muscle (=107 WSSV copies per 1 gram muscle) was applied based on 5% body weight per

shrimp at 48 h and 65 h after injection (in total, 10% BW of the infected shrimp). Negative and



positive controls were injected with a saline solution (2% NaCl) with the same dose as the
treatments. The groups were separated from the controls to avoid contamination.

Survival analysis determined the time to death, over a significant period of time, between 3
different treatments. Means of survival from the different groups are compared by ANOVA. Both

statistical methods are processed using R Program.

3. Results and discussion

RNAI is an effective gene regulation modality that is facilitated by dsRNA having an anti-sense
strand that is complementary to a target mRNAL0 The specificity of RNAi towards a target gene
grants it major advantages over other therapeutic modalities. In this study, we evaluated the
capacity of nanoparticulate RNAi to downregulate gene expression in shrimp against WSSV.

To test the effect of RNA dose on gene expression in shrimp we chose to target the Rab7 gene,

which is associated with endosomal escape. Specifically, Rab7 binds the WSSV capsid and

facilitates its release from endosomes. 2231 To be safe, one must verify that the chosen RNA

sequence has no known coding homology in nature, specifically not in shrimp or human (Table 1).

Table 1 Primer sequences for cloning Rab7-RNAI

Primer name Sequence

Xbal Rab7 250 forward GAAACTCTAGATGGGTAACAAGATTGATCTGGAG
BamHI Rab7 250 reverse AGCCGGATCCTAGCTTACGA

BamHI 250 forward GCATAGGATCCTGGGTAACAAGATTGATCTGGAG

Pstl 250 reverse GAGTACTGCAGCATCCTGTTTAGCCTTGTTGTCA
Xbal for Rab7 70 GATCTCTAGAGAGGTGGAGCTGTACAATGAG

Pstl for loop CGTCTGCAGCGCATCTTGC

BamHI for Rab7 70 GATCGGATCCGAGGTGGAGCTGTACAATGAG
Pstl Rab7 rev GACTACTGCAGCATCCTGTTTAGCCTTGTTGTC
BamHI Rab7 125 GAATCGGATCCTAATGTGGAGCTAGCTTTCCAG
Pstl rab7s rev GAGTACTGCAGCATCCTGTTTAGCCTTGTTGTCA
Pstl loop rev tacgtCTGCAGCGCATCTTG

Xbal rab7 125 for GAATCTCTAGATAATGTGGAGCTAGCTTTCCAG

We induced RNAI by administering different concentrations of dsRNA to Penaeus vannamei
shrimp by an intramuscular injection (Fig. lA).Q Forty-eight hours later the shrimp were sacrificed
and the level of Rab7 expression in the shrimp's tissues was quantified using real-time (rt)PCR. A

dose-dependent effect of the dsRNA on Rab7 expression was recorded (Fig. 1B). Animals



administered 0.01 pg-dsRNA per g-shrimp had a /5 + 8% Rab7 downregulation compared to 90 +
7% at 1 ng-dsRNA per g-shrimp. These knockdown results are an improvement over the state-of-

the-art (~2 ng-RNA per g—shrimpﬁ) and are owed to the design of the dsRNA strand that targets

the 3' region of the Rab7 gene.34 35
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three different concentration of anti-Rab7 dsRNA: 1, 0.1, 0.01 ug g1 shrimp). (C) Relative
expression of Rab7, determined by qRT-PCR of shrimp injected with different dsRNA lengths:
250, 125 and 70 bp all at a dose of 0.1 ug-RNA per g-shrimp. (D) The expression of Rab7 was
measured in different shrimp organs 48 hours following 250 bp anti-Rab7 dsRNA injection. ‘C-’
denotes the control group and ‘R-" denotes the RNAI treatment group. (E) The expression of
Rab7 was measured over time after a single administration of 0.1 ug-anti-Rab7-dsRNA per g-
shrimp 250 bp-long. Each group contained 5 shrimp. The expression level was standardized
against EFla as internal reference and compared to the expression of the control group injected

with 150 mM NaCl.

Interestingly, the length of the RNA strand had a significant effect on gene knockdown. At a
concentration of 0.1 ug-dsRNA per g-shrimp the 70 bp-long dsRNA strands downregulated Rab7
by 50 + 11%, while the same dose of 250 bp strands knocked-down Rab7 by 90 + 5% (Fig. 1C). In
mammials, delivering 20 to 25 bp-long dsRNA is considered optimal for inducing RNAj 24
However, in plants and crustaceans there is evidence that longer RNA strands are more
effective 22:33.56=39 \yhile the explanation for this phenomenon remains a matter of scientific
investigation, it is known these long RNA strands are diced into 21 bp-long RNA fragments
intracellularly in order to then enter the RISC complex.@ In the cytoplasm the various diced RNA
fragments can target a greater portion of the Rab/ gene, thereby improving specificity to the
target gene. 4L

To be effective against a viral infection, gene knockdown must persist throughout the body. We
measured the level of Rab7 expression in different organs after a local administration of dsRNA to
the shrimp’s tail muscle. All organs had significant Rab7 knockdown (Fig. 1D) exceeding 70% in the
stomach, pleopods, hepatopancreas and gills. A slightly lower level of knockdown was recorded
in the gut, due to the rapid turnover of the tissues in the gastrointestinal tract 42 These data
indicate that RNAi occurs in the entire body, even after a local administration of dsRNA. The
mechanism by which the dsRNA is trafficked throughout the shrimp's body differs from RNAI in
mammals. In mammals, dsRNA must be administered into each targeted cell individually.ﬂ In
shrimp, however, a transcellular trafficking mechanism exists in a manner that one cell introduces
the siRNA to the neighboring cells. Therefore, a local administration of the RNA treatment is
sufficient to treat the entire body.ﬁ

The duration of gene knockdown is important for determining the period the shrimp will be

protected from a viral infection. To test how long the target gene was downregulated we injected



shrimp with 0.1 ng-anti-Rab7-dsRNA per g-shrimp and measured expression over time (Fig. 1E).
Gene knockdown lasted for 35 days, after which Rab7 expression resumed.

RNA is susceptible to biodegradation in the aqueous environments shrimps are farmed in. To
stabilize the therapeutic RNA payload we formulated it into chitosan-based nanoparticles.
Different chitosan molecules, including chitosan and partially N-acetylated chitosan derivatives
(having less primary amine groups on the polymer backbone), were synthesized and compared
for their ability to deliver dsRNA and subsequently mediate gene silencing.

The physical properties of a nanoparticle influence its biodistribution and cellular fate. 44
Specifically, the particle size, surface charge and affinity to the RNA payload greatly influence its
activity in vivo A3

Increasing the percent of amine groups on the chitosan backbone increases the cationic
charge along the molecule, thereby strengthening the affinity to the complexed RNA payload.ﬂ
Nanoparticles were prepared by self-assembly of chitosan-based polymers and anti-Rab7 dsRNA.
A gel electrophoresis migration assay was used to distinguish between the complexed and free
RNA. Free RNA migrated along the gel when charge is applied while the stable RNA-chitosan
complexes retard its electrophoretic mobility and remained in the loading well (a bright spot can
be noticed in the upper part of the gel, Fig. 2A-C). As the degree of acetylation increased, the
dsRNA binding affinity decreased and a greater ratio of polymer/RNA was needed to stabilize the
RNA complex (Fig. 2A-C). Specifically, chitosan (naturally having approx. 82.4% amine groups)
binds RNA ata 1: 1 wt ratio (Fig. 2A). Acetylated chitosan, having less amine groups, either H55
(with 55% of the polymer aminated) or H42, required increasing the polymer/RNA ratio to
complex the RNA (Fig. 2B and C). Fig. 2A—-C presents the effect of the deacetylation degree on the

dsRNA binding efficacy for chitosan and H42 and H55 derivatives, respectively. The polymer/anti-
Rab7 dsRNA mass ratio for complete dsRNA binding increased from 2 to 25 as the degree of

amination decreased from 82.4% (chitosan, Fig. 2A) to 42% (H42, Fig. 2C).
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electrophoresis. In all gels, lane 1 is DNA marker, lane 2 is free dsRNA control and lanes 3-14 are
nanoparticle formulations with polymer/Rab7 at different mass ratios. (D) Effect of Cs molecular
weight and dsRab7 length on the self-assembled particle size. (E) H55 nanoparticle sizes at
various RNA wt/wt ratios. (F) The zeta-potential of Cs, H55, H42 at different polymer/RNA mass
ratios. (G) Rab7 knockdown using single strand (ss)RNA 250 bp long, dsRNA and a mix of sense
and anti-sense ssRNA, all at 0.5 ug RNA per g-shrimp. (H) Comparing the nanoparticle size
using single strand versus double strand RNA. (I) Nanoparticles protect RNA form degradation.
Nanoparticulate and free RNA were exposed to RNase for the 30 minutes. The nanoparticles
granted protection from the degradative enzyme, which was able to degrade the RNA only after

the particle was degraded by chitosanase.

The size of the RNA-nanoparticle affects its biodistribution and cellular fate. We measured the
effect the lengths of the dsRNA construct, and the chitosan polymer, have on particle size. We
found that at similar polymer/RNA weight ratios, varying the length of the RNA strand, from 70 to
250 bp, or the length of the chitosan polymer, either 5 or 150 kDa (Fig. 2D). The explanation for
this phenomenon is that there are two main parameters that affect particle size: the charge
density along the cationic polymer and the polymer/RNA mass ratio. Varying the length of the
dsRNA strand (while maintaining its total mass in the particle), or the length of the complexing
polymer did not affect particle size. Thereby, as long as the mass ratio between the dsRNA and the
complexing polymer are held constant, the particle size will not be affected. This was confirmed
by increasing the mass ratio of the H55/RNA particles (Fig. 2E). To form stable RNA-H55 particles,
a greater mass ratio was needed (2B). Increasing the polymer/RNA mass ratio increased particle
size (Fig. 2E).

The surface charge of the particles can mediate cellular uptake by adhering to negatively-
charged groups in the tissue or on the cell surface 26 As expected, increasing the polymer/RNA
mass ratio not only increases particle size but also increases the zeta potential measured on the
particle surface (Fig. 2F). Partially N-acetylated chitosan derivatives (H55 and H42) had lower zeta-
potential values compared to chitosan for all mass ratios tested. For example, the zeta-potential of
H42- and H55-based nanoparticles was approximately 15 and 17 mV at polymer/Rab7 mass ratio
of 40, while chitosan-based nanoparticles measured a zeta-potential value of 26 mV.

For many therapeutic application a particle size of 100 nm has been shown to grant an
advantage in penetrating tissues and cells. 47 The particle size we achieved using dsRNA/polymer
complexes were approx. 160 nm for chitosan and 200 to 260 nm for H55. We sought to further

reduce these particle sizes. We hypothesized the rigidity of the molecular building blocks within



the particle may prevent more efficient folding.48 49 Specifically, dsRNA is an extremely rigid

molecule compared to single-strand (ss)RNA.20.51 To test this hypothesis, we complexed anti-
Rab7 ssRNA at similar mass ratios and found that these particles are nearly half the size of the
dsRNA complexes, i.e. <100 nm (Eig. 2H). Furthermore, the long, 250 bp, ssRNA induced efficient
RNAi owed to complementary RNA duplexes, and stem-and-loop structures, formed in the long
strand that allow its introduction into the RNAI cascade, Mm

The ability of a carrier to protect its payload from nuclease degradation is an important
property for efficient gene delivery. To assess the capacity of the particles to protect RNA from
biodegradation, we exposed free RNA as well as RNA/H55 and RNA/H42 complexes to RNase A
(Fig. 21). Free RNA was fully digested within 30 minutes while the particulate RNA remained
protected from the RNase until released from the formulation. The stability of the H55 particles
was greatest, rendering to release the RNA from the formulation by enzymatically degrading the
chitosan backbone with chitosanase, after which the RNA was susceptible to RNase in the
solution (Fig. 21).

Taken together, these results demonstrate that increasing the charge density along the
complexing polymer enables formulating stable particles at low polymer/RNA ratios. Self-
assembly of dsRNA and chitosan is dependent on the degree of deacetylation of the chitosan
derivative. As the percent of cationic amine groups on the polymer increased, the affinity to RNA

increases. At the same time, pure chitosan has been shown to adhere too strongly to DNA/RNA

payloads, preventing their therapeutic effective release at the target site. 26.92 Therefore, we
chose to continue our viral-challenge studies with H55 rather than cationic chitosan.

We tested the capacity of RNA-nanoparticles to protect 2 g Penaeus vannamei juvenile shrimp
from a lethal WSSV infection. Prior to the experiment, 1000 shrimp were acclimatized in a 3-ton
tank at 30 ppt salinity, 4 ppm dissolved oxygen, 28 °C, for 5 days, while being fed a normal diet of
5% body weight. Three treatment groups of 80 shrimp each included animals administered 125,
250 bp anti-Rab7 RNA, or H55/250 bp nanoparticulate-RNA. In addition, two control groups were
included: one infected by the virus without treatment (positive control) and one not infected
(negative control). Thus, the juvenile shrimp were divided into 5 groups of 4 replicates of 20
animals each. The shrimp groups were held in 60 L tanks (see Materials and methods).

The shrimp were injected either 125, 250 bp anti-Rab7 RNA, H55/250 bp nanoparticulate-RNA,
or with 2% NaCl (control). Sixty-five hours post treatment the shrimp were challenged with WSSV.
For this, the shrimp feed was supplemented with WSSV-infected muscle having approx. 107 WSSV
copies per gr. Shrimp survival was recorded twice a day, and tissue was obtained for gPCR analysis

from the surviving and dead shrimp.



On day 2 post infection shrimp began dying in the WSSV positive control group and continued
dying at an average rate of four to six animals per day. The mortality pattern was very similar in all
replicates in this treatment. One hundred percent mortality was observed on day 7 post infection.
No mortality was observed in the negative control group (Fig. 3B). All RNA treatments showed
immunization, reaching 99% survival in some of the groups (Fig. 3A) without body-weight loss or
signs of distress. All treatment groups were statistically different from the positive control (p <
0.05). The nanoparticulate RNA group also did not have a significant difference from the

uninfected negative control (P < 0.05). These data indicate that nanoparticulate dsRNA is effective

in protecting shrimp from WSSV infection.2:23=55
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Fig. 3 Nanoparticulate RNAI prevents viral infection in shrimp. (A) The survival curve of shrimp

treated with 125, or 250 bp anti-Rab7 dsRNA, or with H55/anti-Rab7 nanoparticles and then
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exposed to WSSV. n = 80 shrimps per group. (B) Introductory table to the WSSV-PCR detection
gel electrophoresis presented in figure (D); (C) average number of surviving shrimp in each 20-
animal tank on day 14. The small alphabet (b, bc and c) denote insignificant differences between
the samples, while all had (P < 0.05) with sample a. (D) Gel electrophoresis of the WSSV nested
PCR detection in the experimental shrimp at 4, 7 and 14 day post infection. Survival analysis is
comparing the 5 different groups. Means of survival from those different feed groups are

compared by ANOVA were found to be significant p < 0.05.

To assess the level of WSSV infection, pleopods and gills were evaluated for WSSV infection by
PCR, Fig. 3C. On day 4, WSSV was undetectable in the RNA treatments and negative control but
was detected in the positive control. Samples taken on day 7 had a positive indication of the virus
in animals treated by free RNA but not in animals treated with the nanoparticulate RNA. On day 14,
all the remaining animals were undetectable for WSSV. These results, confirmed by quantitative
PCR, demonstrate that the protective effect of the treatment remains active at least two weeks
post the viral challenge. Furthermore, the animals treated with the nanoparticulate treatment
exceeded all other groups.

In conclusion, we report here that our findings about antiviral activity of nanoparticulate RNAI
for targeting WSSV can be applied to make global improvements in food production processes
and food safety. Gene knockdown was demonstrated in healthy and disease models, and
achieved significant protection against a viral challenge. RNAi is an extremely promising modality
for treating diseases. In the case of WSSV, no other therapeutic agent has been found to be
capable of treating this lethal infection. RNAI is biologically targeted and therefore has a known
and safe activity proﬁle.i While the data presented herein are promising regarding the ability to
treat disease, implementing RNAI in aquaculture will require overcoming several challenges: a)
administration — this paper describes an anti-viral RNAI therapeutic proof-of-concept by injecting
the nanoparticles to the shrimp one-by-one, large scale systems should aim for an oral delivery of
the RNA nanoparticles to the entire pond simultaneously; b) cost effective — while prices of RNA
are dropping significantly, the cost of manufacturing and quality assurance of the particles
(including RNA and complexing materials) should be less than 10% of the cost of final product; ¢)
environmental and food safety — RNA strands must be optimized not to affect other organisms
and the particles should be composed of safe and biodegradable and biocompatible materials.

The future of disease management depends greatly on novel RNAi-based therapeutics. RNAI

triggers a natural, non-GMQO, non-antibiotic gene-knockdown mechanism. This goal is being



facilitated be the development of new and promising hanomaterials that deliver the RNA

intracellularly.
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