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Influenza A virus infection is a great threat to avian species and humans. Targeting viral proteins by anti-
body has a limited success due to the antigen drift and shift. Here we present a novel antibody-based
antiviral strategy of targeting viral genomic RNA (VRNA) for degradation rather than neutralizing viral
proteins. Based on the template of a sequence-nonspecific nucleic acid-hydrolyzing, single domain anti-
body of the light chain variable domain, 3D8 VL, we generated a synthetic library on the yeast surface by
randomizing putative nucleic acid interacting residues. To target nucleocapsid protein (NP)-encoding
viral genomic RNA (NP-vRNA) of HIN2 influenza virus, the library was screened against a 18-nucleotide
single stranded nucleic acid substrate, dubbed asNP;g, the sequence of which is unique to the NP-vRNA.
We isolated a 3D8 VL variant, NP25, that had ~15-fold higher affinity (~54 nM) and ~3-fold greater
selective hydrolyzing activity for the target substrate than for off targets. In contrast to 3D8 VL WT,
asNPqg-selective NP25 constitutively expressed in the cytosol of human lung carcinoma A549 cells does
not exhibit any significant cytotoxicity and selectively degrades a reporter mRNA carrying the target
asNP;g sequence in the stable cell lines. NP25 more potently inhibits the replication of HON2 influenza
virus than 3D8 VL WT in the stable cell lines. NP25 more selectively reduces the amount of the targeted
NP-vRNA than 3D8 VL WT from the early stage of virus infection in the stable cell lines, without notice-
able harmful effects on the endogenous mRNA, suggesting that NP25 indeed more specifically recognizes
to hydrolyze the target NP-vRNA of HIN2 virus than off-targets. Our results provide a new strategy of
targeting viral genomic RNA for degradation by antibody for the prevention of influenza virus infection
in humans and animals.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

molecules, influenza A viruses are classified into 16 HA subtypes
(H1-H16) and 9 NA subtypes (N1-N9) (Medina and Garcia-Sastre,

Influenza A viruses, causing recurrent epidemics and global
pandemics in humans and/or some animal species, are of great
concern in human health and agricultural economy (Subbarao
and Joseph, 2007). The virus has a segmented genome of eight sin-
gle stranded (ss) (—)-sense RNA molecules that encode 11 viral
proteins, including the two surface glycoproteins, hemagglutinin
(HA) and neuraminidase (NA), an ion channel protein (M2), and a
nucleocapsid protein (NP) which encapsidates the viral genomic
RNAs (VRNAs) (Medina and Garcia-Sastre, 2011; Subbarao and
Joseph, 2007). On the basis of the antigenicity of their HA and NA
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2011; Subbarao and Joseph, 2007).

Current strategies for the prevention and control of influenza
virus infections are mainly two: vaccines and antiviral drugs
(Kao et al., 2010; Subbarao and Joseph, 2007). The action of mech-
anisms of antiviral drugs, such as small molecules and monoclonal
antibodies (mAbs) are blocking viral proteins involved in the en-
trance, maturation or departure of the targeted virus into, within
and from host cells (Subbarao and Joseph, 2007). Despite of inten-
sive efforts, however, existing vaccines and antiviral drugs against
viral proteins are limited in part because of the properties of anti-
genic shift and drift (Medina and Garcia-Sastre, 2011). Particularly
targeting viral proteins by mAb has a limited success due to the
difficulty in finding proper epitopes for neutralization (Medina
and Garcia-Sastre, 2011). RNA interference, in which double
stranded (ds) RNA in length of 21-23 bps, so called small inferring
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RNA (siRNA), directs sequence-specific degradation of messenger
RNA (mRNA). Thus siRNAs targeting viral mRNAs have been exten-
sively explored as an effective antiviral strategy for its specific
silencing of viral gene expression in mammalian cells (Barik,
2010), including NP and M2 genes of influenza A viruses (Ge
et al.,, 2003; Sui et al., 2009; Zhou et al., 2007, 2008). However, siR-
NAs have never been exploited to directly target viral vRNAs.

Another approach to antiviral therapy by degrading viral RNAs
is the use of ribonucleases (RNases). For examples, the human
RNase ISG20 and amphibian Onconase from a frog of Rana pipiens
substantially suppressed the infection and accumulation of vesicu-
lar stomatitis and influenza viruses in Hela cells (Espert et al.,
2003) and human immunodeficiency type 1 virus (HIV-1) in a
chronically HIV-1-infected human cells (Saxena et al, 1996,
2002), respectively. Very recently, we have also shown that 3D8
single-chain variable fragment antibody (scFv) with the DNA/
RNA-hydrolyzing catalytic activity without sequence specificity
also reduced the replication of classical swine fever virus (CSFV)
in a porcine kidney cells (Jun et al., 2010). However, Onconase
and 3D8 scFv, which lack the sequence specificity of RNA, have
shown undesirable cellular cytotoxicity to the host cells most
likely due to sequence-nonspecific hydrolysis of cellular RNAs
(Jang et al., 2009; Jun et al., 2010; Smith et al., 1999). Thus we
hypothesized that engineering of the antiviral nucleases to have
sequence specificity against viral RNAs can overcome the undesir-
able cytotoxicity, while maintaining the antiviral activity.

Previously we have shown that the single domain antibody of
light chain variable domain, 3D8 VL, possesses DNA/RNA-hydro-
lyzing activity, but does not have particular sequence specificity
(Kim et al., 2006, 2009). We recently engineered 3D8 VL to have se-
quence specificity against given 18-nucleotide (nt) ssDNA sub-
strates by randomizing residues putatively interacting with
nucleic acids while preserving the hydrolyzing activity (Lee et al.,
2010b). The engineered 3D8 VL variants selectively decreased the
amount of target sequence-carrying mRNAs in the cytosolic envi-
ronment, inducing the target gene-selective gene silencing (Lee
et al., 2010b).

To achieve the inhibition of influenza viral replication, we here
describe a proof-of-concept of targeting viral genome vRNA for
degradation by antibody with the sequence-specific nuclease cata-
lytic activity rather than the viral proteins or mRNAs. As a model
system, we target the NP-encoding VRNA (NP-vRNA) of the low
pathogenic avian influenza HIN2 virus (A/Chicken/Korea/MS96/
96) (Kwon et al., 2010). HIN2 viruses are the most abundant influ-
enza virus isolated from live-poultry in Korea (Choi et al., 2005).
Influenza NP is the most abundantly expressed protein during
the course of infection and essential for viral replication, serving
as an ideal target for antiviral therapy (Kao et al., 2010). To target
NP gene at the viral genome vRNA level, we engineered the se-
quence non-specific DNA/RNA-hydrolyzing 3D8 VL into a target
sequence-selective hydrolyzing variant, dubbed NP25, against an
18-nt ssDNA with a sequence derived from the HON2 NP-vRNA.
The constitutive expression of NP25 in the cytosol of human lung
carcinoma A549 cells potently protected the stable cell lines from
the replication of HON2 virus by selectively decreasing the amount
of the targeted NP-vRNA without significant cytotoxicity to the
host cells. Our results provide a basis for the development of anti-
viral antibody targeting influenza viral genome for degradation.

2. Materials and methods
2.1. Cell lines and reagents
Human lung adenocarcinoma epithelial cell line, A549 cells

were purchased from American Type Culture Collection (ATCC,
Manassas, VA) and maintained in Dulbecco’s Modified Eagle Med-

ium (DMEM; Welgene, Korea) supplemented with 10% (v/v) heat-
inactivated fetal bovine serum (FBS; GIBCO/Invitrogen, Carlsbad,
CA) and 100 units/ml of penicillin/100 pg/ml of streptomycin
(Welgene) at 37 °C in a humidified 5% CO, incubator. All oligonu-
cleotides were synthesized from Bioneer Co. (Korea), unless other-
wise specified. Target 18-nt ssDNA substrate, asNP;g (5’-GGU CUG
GCA CUU UCC AUC-3'), and off-target 18-nt ssDNA, N;g (5-NNN
NNN NNN NNN NNN NNN-3') (N=A/T/G/C), were synthesized
with or without 5'-biotinylation (Lee et al., 2010b). All other re-
agents were analytical grade. Rabbit anti-3D8 polyclonal antibod-
ies, which also bind to 3D8 VL WT and its variant NP25, were
produced by immunization in our laboratory (Lee et al., 2010b).
Streptavidin conjugated R-phycoerythrin (SA-PE) from Molecular
Probes (CA, USA), rabbit anti-p21! antibody from Cell Signaling
Technology (Danvers, MA), mouse anti-c-myc mAb from Ig Ther-
apy (Chunchun, Korea), rabbit FITC-conjugated anti-mouse IgG
and goat TRITC-conjugated anti-rabbit IgG from Thermo Scientific
(Rockford, IL), and rabbit anti-cyclin D1, rabbit anti-B-actin, mouse
anti-NP mADb, goat FITC-labeled anti-rabbit IgG, and rabbit anti-GFP
IgG from Santa Cruz Biotechnology (Santa Cruz, CA) were used.

2.2. 3D8 VL library construction and screening

3D8 VL with His94Ala mutation (hereafter designated as 3D8 VL
WT), which possessed higher nuclease activity than the original
3D8 VL with His94 (Kim et al., 2006), was used as a template for
the library construction. We designed a 3D8 VL library by random-
izing only the surface exposed residues in C-strand (Ala34, Tyr36,
and GIn38), C-strand (Pro44 and Leu46), and F-strand (Ala84,
Val85, and Tyr87), and G-strand (Lys103 and Glu105) with a
degenerate codon of NNB (N = A/T/G/C, B = C/G/T) (Supplementary
Fig. S1). The 3D8 VL library was generated by serial overlapping
PCRs to reconstitute full-size products using five partially overlap-
ping oligonucleotides and two flanking oligonucleotides, as de-
scribed previously (Lee et al., 2010b). The amplified 3D8 VL gene
library (10 pg) and linearized yeast surface display plasmid pCT-
CON (1 pg) with Nhel/BamHI sites were cotransformed ten times
into Saccharomyces cerevisiae EBY100 strain by homologous recom-
bination technique using a Bio-Rad Gene Pulser electroporation
apparatus (Lee et al., 2010a). Library size determined by plating se-
rial 10-fold dilutions of the transformed cell on the selective agar
plates was about 1.1 x 108, Sequencing of randomly chosen 25
clones from the unscreened library exhibited mutations only at
the targeted regions. The cell-surface expression and 18-nt ssDNA
binding levels of 3D8 VL library were determined using flow
cytometry by indirect double immunofluorescence labeling of a
C-terminal c-myc tag (anti-c-myc mAb/FITC-labeled anti-mouse
mAb) and 5'-biotinylated ssDNA substrates (each biotinylated sub-
strate/SA-PE), respectively (Lee et al., 2010a).

2.3. Screening of 3D8 VL library against the target ssDNA substrate

For the library screening against the target asNP;g sSDNA sub-
strate, 2 rounds of MACS (magnetic-activated cell sorting) and then
subsequent 4 rounds of FACS (fluorescence-activated cell sorting)
were sequentially carried out using the biotinlyated-asNP;g sub-
strate following the protocol described previously (Lee et al.,
2010Db). Briefly, yeast cells were labeled with 5 and 1 uM of biotin-
ylated-asNPg in TBSE buffer (25 mM Tris-HCl, pH 7.4, plus
137 mM Nadl, 2.7 mM KCl, 0.5% BSA and 2.5 mM EDTA) in the first
and second round of MACS, respectively. In the FACS screening,
TBSF buffer (TBSE plus additional 150 mM NacCl) was used during
the substrate labeling. Further, sorting stringency was increased
by decreasing the asNP;g substrate concentration and increasing
off-target ssDNA N;g competitor concentration: 1 pM asNP;g and
1uMN;g (1:1 competition) in round 1, 1pM asNP;g and
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50 uM N;g (1:50 competition) in round 2, 0.5 uM asNP;g and
50 pM Nqg (1:100 competition) in round 3, and 0.2 pM asNP;g
and 50 pM Ny (1:250 competition) in round 4. Typically, the top
0.5-1% of target-binding cells was sorted using FACSAria II (BD Bio-
science). The finally sorted yeast cells were plated on the selective
medium and individual clones were further characterized.

2.4. Protein expression and purification

3D8 VL WT subcloned into a bacterial secretion plasmid plg20
was expressed in Escherichia coli strain BL21 (DE3) pLysE (Nova-
gen) and purified from the supernatant of bacterial culture using
the IgG-Sepharose™ column (GE Healthcare), as described previ-
ously (Kim et al., 2006; Lee et al., 2010b). Isolated 3D8 VL variants
were subcloned using Xbal and BamHI into pET32b vector (Nova-
gen), resulting in pET32b-VL variants, which has N-terminal 6x
His tag, C-terminal Thioredoxin A (TrxA), and enterokinase cleav-
age sequence between TrxA and VL variants (Supplementary
Fig. S2A). The plasmid pET32b-VL was transformed into E. coli
BL21 (DE3). After the transformants were grown at 30°C to an
ODggo of ~0.8 in 300 ml of Luria-Bertani medium, protein expres-
sion was induced by addition of 0.5 mM isopropyl-p-p-1-thiogalac-
toside. After 4 h induction at 20°C, cells were harvested by
centrifugation at 8000g for 20 min at 4°C, resuspended in a
10 ml lysis buffer (50 mM phosphate at pH 8.0, 300 mM Nacl,
5 mM imidazole, 1 mM DTT, 10% glycerol, 1 mM PMSF protease
inhibitor) and disrupted by sonication on ice-cold distilled water
with 10 s pulses at high intensity for 15 min. Proteins were purified
from the cell lysates using anti-6x His Talon resin (Clontech Lab)
as described previously (Lee et al., 2010a). Protein concentrations
were determined using extinction coefficients calculated from
the respective amino acid sequence and also confirmed by Brad-
ford assay (Bio-Rad) (Lee et al., 2010b).

2.5. Sequence-specific 18-nt ssDNA hydrolyzing assay and other
biochemical analyses of proteins

Sequence-specific 18-nt ssDNA hydrolyzing kinetic assays of
3D8 VL WT and its variants were carried out by FRET-based cleav-
age assay as described previously (Lee et al., 2010b). The 18-nt
ssDNA asNP;g and N5 substrates, which were double-labeled with
a 6-carboxyfluoroscein (FAM™) at the 5’-terminus and a black hole
quencher (BHQ®-1) at the 3’-terminus (Integrated DNA Technolo-
gies), were used. The apparent enzymatic kinetic parameters, K,
and V., Were determined by fitting the initial rate constants (V)
versus substrate concentrations (S) into the Michaelis-Menten
equation (V= (Vnax [S])/(Km + [S])) and Lineweaver-Burk equation
using Sigmaplot 2002 software (SPSS Inc.) (Kim et al., 2009; Lee
et al., 2010b). Biochemical analyses of 3D8 VLs, such as DNA-
hydrolyzing assays on agarose gels and surface plasmon resonance
(SPR), were performed as described previously (Kim et al., 2006,
2009; Lee et al., 2010b).

2.6. Establishment of stable A549 cell lines expressing 3D8 VL WT or
NP25

The coding sequences of 3D8 VL WT and its variant NP25 were
PCR amplified with a Kozak-consensus sequence upstream of the
start codon and a C-terminal c-myc tag and then subcloned into
pcDNA3.1(+) (Invitrogen Inc.) with Nhel and BamHI sites, resulting
in pcDNA3.1-3D8 VL WT or pcDNA3.1-NP25 (Lee et al., 2010b). For
the expression of 3D8 VL WT or NP25, A549 cells grown ~50% con-
fluency (~5 x 10° cells in 60-mm dishes) were transfected with
plasmid of pcDNA3.1-VL WT or pcDNA3.1-NP25 (each 3 pg) using
WelFect-EX™ PLUS transfection reagent kit (Welgene, Korea)
according to the manufacturer’s instruction. After 24 h of culture

in 10% FBS/DMEM, cells were plated by limiting dilution in media
containing 1 mg/ml G418 (Sigma) for 10-14 days. Wells containing
single G418-resistant clones were expanded and screened by fluo-
rescence microscopy for 3D8 VL WT or NP25 expression and by
Western blotting for myc expression. Then, transfected cells con-
stitutively expressing 3D8 VL WT (WT-1 and WT-2 cells) and
NP25 (NP25-1 and NP25-2 cells) at a similar level were selected
for this study. Mock cells transfected with the empty plasmid of
pcDNA3.1(+) (3 pg) were also established by G418 selection for
10-14 days.

2.7. Cell proliferation assay

To examine effects of 3D8 VL WT and NP25 expression on the
cell growth rate, cells were seeded on a 6-well culture plate at a
density of 1 x 10° cells/well and then viable cells were counted
on a hemocytometer by staining cells with 0.4% trypan blue/PBS
solution every 24 h for 3 days. The population doubling time was
calculated using Doubling Time Software v1.0.10 (http://[www.dou-
bling-time.com).

2.8. Analysis of EGFP expression in A549 cells constitutively expressing
3D8 VL WT or NP25

For the cytosolic expression of enhanced green fluorescent
protein (EGFP), pEGFP-N1 (Clontech, the GFP carries two mutations
of Phe64Leu and Ser65Thr) was used without any modification
(Lee et al., 2010b). To construct EGFP reporter plasmid, the target
sequence of asNP,g or off-target sequence of G;g with contiguous
18 Guanine nucleobases was placed between the ATG start codon
and EGFP coding sequence in the pEGFP-N1 plasmid, resulting in
pasNPg-EGFP and pGig-EGFP, respectively (Lee et al., 2010b).
The established mock, WT-1/-2, and NP25-1/-2 cells were transfec-
ted for 4 h using WelFect- EX™ PLUS transfection reagent kit with
the plasmid of pEGFP-N1, pasNP,s-EGFP or pG;g-EGFP and then
incubated for 24 h prior to monitoring of EGFP expression by
semi-quantitative RT-PCR, Western blotting, confocal fluorescence
microscopy, and flow cytometry, as described previously (Lee et al.,
2010b).

2.9. Influenza HIN2 virus infection

A low pathogenic avian influenza HIN2 (A/Chicken/Korea/
MS96/96) virus (Kwon et al., 2010), which caused disease in chick-
ens in Korea in 1996, were kindly provided from the National Vet-
erinary Research and Quarantine Service (NVRQS), Korea. The
HON2 virus was propagated in the pathogen-free fertilized eggs
by viral injection into allantoic cavity (Kwon et al., 2010). The
low pathogenicity of HIN2 virus did not form plaque in A549 cells
(Supplementary Fig. S3) (Kwon et al., 2010; Wan et al., 2008). The
titer of virus stock was determined in A549 cells by the 50% tissue
culture infective dose (TCIDsg), the virus dose that is able to infect
50% of the cell cultures, following the standard protocol (Daele-
mans et al., 2011). Briefly, A549 cells (1 x 10* cells/well in 96-well
plates) were challenged with serial 5-fold dilutions of virus sample
and then incubated at 37 °C under 5% CO, for 3 days. Then, the cells
were examined microscopically for HON2-induced cytopathic ef-
fect to determine the TCIDso. Then the plaque-forming unit (PFU)
is predicted by multiplying the TCIDsq by 0.7 (Daelemans et al.,
2011). The titers of the viral stock were usually 1-2 x 10% TCIDso/
ml (0.7-1.4 x 10* PFU/ml).

For the HIN2 virus infection into cells, culture medium was re-
moved, and then HIN2 virus in infection medium (PBS, 0.3% BSA,
1 uM MgCl,, 1 uM CaCl,, 100 units/ml penicillin, 100 pg/ml strep-
tomycin, and 4 pg/ml trypsin) was added into cells at the indicated
multiplicity of infection (m.o.i.). After incubation for 1 h at 25 °C,
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fresh infection medium (DMEM, 0.3% BSA, and 4 pg/ml trypsin)
was added, and the cells were cultured for the indicated periods
at 37 °C under 5% CO..

2.10. Hemaggutination (HA) assay

To determine virus titer in the culture supernatants of HON2-in-
fected cells, HA assay was carried out for the serially diluted cul-
ture supernatants in U-bottom 96-well plates according to the
previous method (Kwon et al., 2010). Cells seeded on 6-well cul-
ture plates (5 x 10% cells/well) were infected with HON2 virus at
the indicated m.o.i. for 1 h at 25 °C. After washing three times with
PBSB (PBS plus 0.3% BSA) buffer, cells were incubated in the infec-
tion medium (DMEM, 0.3% BSA, and 4 pg/ml trypsin). At the indi-
cated hpi (hour of post-infection), culture supernatants were
collected by centrifugation at 12,000 rpm for 5 min to remove cell
debris, and then stored at -80 °C before use. Serial 2-fold dilutions
of culture supernatant (in PBS, 25 pl) were mixed with an equal
volume of a 1% suspension (v/v, 0.1 M PBS) of chicken erythrocytes,
and then incubated plates on ice for 1h. Wells containing an
adherent, homogenous layer of erythrocytes were scored as posi-
tive, while wells appeared as dots in the center of round U-bot-
tomed plates as negative.

2.11. Immunofluorescence microscopy

For the detection of 3D8 VL WT or NP25 expressed in the stable
A549 cell lines, immunofluorescence microscopic analyses were
performed. Briefly, cells seeded on the glass coverslips at a density
of 5 x 10 cells/well in 24-well culture plate were fixed with 2%
paraformaldehyde (PFA) in PBS for 10 min at 25 °C, and then per-
meabilized with PERM-Buffer (0.1% saponin, 0.1% sodium azide,
1% BSA in PBS) for 10 min at 25 °C. After blocking with 2% BSA in
PBS for 1 h at 25 °C, cells were stained with rabbit anti-3D8 poly-
clonal antibodies (diluted 1:500 in 2% BSA in PBS) for 2 h at
25 °C, followed by TRITC-conjugated anti-rabbit IgG (1:500) for
1 h at 25 °C. Coverslips were mounted on glass slides with VEC-
TASHIED (mounting medium with DAPI, Vector Laboratories, Bur-
lingame, CA) and observed with fluorescence microscope (Axio
Imager Al, Carl Zeiss Microimaging GmbH, Germany). The NP level
in the HON2 virus-infected cells was also examined under fluores-
cence microscope after staining with mouse anti-NP Ab (1:100),
followed by FITC-conjugated anti-mouse IgG (1:500).

2.12. Western blotting

Whole cell lysates were extracted using M-PER Mammalian
Protein Extraction Reagent (Thermo Scientific), and protein con-
centrations were determined using Bicinchoninic Acid (BCA) Kit
(Sigma). After immunoblotting, proteins were visualized using a
PowerOpti-ECL Western blotting Detection reagent (Animal Gent-
etics, Inc. Korea) and an ImageQuant LAS 4000 mini (GE Health-
care, Piscataway, NJ) (Lee et al., 2010b; Sung et al., 2010). Equal
amount of proteins was analyzed by Western blots using B-actin
as a loading control. Band densities were quantified using Image]
software (National institutes of Health, USA).

2.13. RNA extraction and RT-PCR

After infection of cells with HIN2 virus at the indicated m.o.i.
for 1 and/or 3 h, total RNA was extracted using PureHelix™ RNA
Extraction solution (NanoHelix Co., Daejeon, Korea) following the
manufacturer’s instructions and reverse-transcription (RT) was
carried out using HelixCript™ 1’st strand cDNA synthesis kit
(NanoHelix Co.) in a 20 pl reaction mixture, containing 3 pig of total
RNA. Quantitative real-time PCR was performed using gene-specific

primers by using Chromo4™ Real-Time Detector (BioRad) with
RealHelix™ gPCR kit (NanoHelix Co.), and the levels of PCR prod-
ucts were analyzed with Opticon Monitor Software. A threshold
was set above the baseline and a threshold cycle value (Ct) was de-
fined as the cycle number at which the fluorescence passes the
fixed threshold. For each viral RNA, the duplicate Ct values were
averaged and normalized to those of a-tubulin mRNA and then
represented as fold differences compared with the normalized Ct
values of mock cells. cDNA aliquots were also analyzed by semi-
quantitative PCR, and the PCR products were electrophoresed on
1% agarose gels and stained with ethidium bromide. Band intensity
was quantitatively analyzed using Image] software for each gene.
Primer sequences for RT-PCR and real-time PCR analysis are shown
in Supplementary Table S1.

2.14. Statistical analysis

Data are reported as mean = SEM of two or three independent
experiments carried out in triplicate. Statistical significance was
analyzed by a two-tailed Student’s t-test on Sigma Plot 8.0 soft-
ware (SPSS Inc.) and a P value of less than 0.05 was considered
significant.

3. Results
3.1. Target sequence selection of NP-vRNA from HIN2 influenza virus

A low pathogenic avian influenza H9N2 virus (A/Chicken/Korea/
MS96/96) (Kwon et al., 2010) was used as a model virus in this
study. To target the NP-vRNA located in segment 5 of HIN2 viral
genome (Subbarao and Joseph, 2007), a 18-nt sequence corre-
sponding to positions 150-167 of the antisense (—) NP-vRNA (NCBI
Accession No. AF203787) was chosen as a target substrate because
the sequence does not share identity more than 60% with any other
human mRNAs. Further sequence alignment of NP-vRNA of HON2
virus against other influenza viral NP-vRNAs in the influenza se-
quence database (www.flu.lanl.gov) revealed that the regions are
extremely conserved (no more than one mismatch in 18-nt se-
quence) in different virus subtypes and strains, including high
pathogenic viruses of HIN1 (A/PuertoRico/8/34) and H5N1 (A/
chicken/Hubei/327/2004). The complimentary sequence of the
18-nt sequence has been validated as an effective siRNA target re-
gion for the sense (+) NP-mRNA of HON2, H5N1 and H1N1 viruses
(Zhou et al., 2007). We synthesized the substrate as 18-nt ssSDNA,
dubbed asNP;g, rather than ssRNA due to the higher nucleolytic
stability, but used uracil base instead of thymine base to retain
the primary structure.

3.2. 3D8 VL library construction and screening the library against the
target asNP;g substrate

We constructed a yeast surface-displayed 3D8 VL library with a
diversity about 1.1 x 108 by randomizing 10 putative nucleic acid-
interacting residues located in one of two B-sheets with a degener-
ate codon of NNB (Supplementary Fig. S1A), while preserving the
catalytic residues located in the upper part of the mutated B-sheet
(Lee et al., 2010b; Park et al., 2008). Using the 5’-biotinylated 18-nt
ssDNA asNP;g substrate, we carried out two rounds of MACS fol-
lowed by four rounds of FACS to isolate the target-specific recog-
nizing 3D8 VL variants. During MACS and FACS screenings, the
substrate labeling buffer contained 2 mM EDTA to protect ssDNA
substrates from hydrolyzing by displayed 3D8 VL variants and
300 mM NacCl to counterselect against non-specific binders that
interacts with DNA phosphate backbone through electrostatic
interactions. To ensure that isolated 3D8 VL variants will bind pref-
erentially to the target sequence, we also added non-biotinylated
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off-target competitor Nig (N = A/T/G/C) in high molar ratios to the
target substrate (from 1:1 to 250:1) in the substrate labeling step
during FACS. Thirty clones were sequenced after the final round
of FACS, and five 3D8 VL variants with unique mutated sequences
at the targeted residues were obtained (Supplementary Fig. S1B).
The isolated 3D8 VL variants in the yeast-surface displayed form
showed more than 2-fold higher binding level with the target
asNP;g than off-target Nyg (Supplementary Fig. S1C), compared
with the WT that exhibited indistinguishable binding levels be-
tween asNP;g and Nyg.

3.3. Selected NP25 variant against asNP;g substrate shows preferential
binding and hydrolyzing activities for the target substrate

To further characterize in soluble forms, the isolated variants
were expressed in E. coli. While 3D8 VL WT were expressed solubly
by the periplasmic targeting (Kim et al., 2006; Lee et al., 2010b), all
of the isolated variants were expressed dominantly in insoluble
form of inclusion body, regardless of cytosolic or periplasmic
expression. Thus each variant was prepared in soluble form by
cytoplasmic expression after its C-terminal fusion to TrxA (Supple-
mentary Figs. S2A and S2B).

DNA hydrolyzing activity analyses of the purified variants by
agarose gel electrophoresis using the supercoiled plasmid of
pUC19 as a substrate demonstrated that they maintained the
Mg?*-dependent DNA-hydrolyzing catalytic activity, like the WT
(Supplementary Fig. S2C) (Kim et al., 2006; Lee et al., 2010b). The
target sequence-selective hydrolyzing activity of the isolated vari-
ants was determined by FRET (fluorescence resonance energy
transfer)-based cleavage assay using the target asNP,g and off-tar-
get Nig ssDNAs, which were double-labeled with a fluorophore
(FAM) at 5'-terminus and its quencher (BHQ®-1) at 3'-terminus
(Jang et al., 2009; Lee et al., 2010b). The substrate hydrolyzing
activity can be monitored by following the fluorescence intensity
increase caused by the 6-FAM release from its quencher BHQ®-1
due to the hydrolysis (Jang et al., 2009; Lee et al., 2010b). Among
the primarily isolated five variants, NP25 showed the most target
sequence-selective hydrolyzing activity (Supplementary Fig. S4).
Thus we chose NP25 for further studies.

We compared the binding specificity and affinity between 3D8
VL WT and NP25 for the target asNP;g and off-target Nig sSSDNA
substrates using SPR technique (Lee et al., 2010b). While 3D8 VL
WT exhibited indistinguishable binding affinities (Kp ~ 5 pM) for
both asNP;g and N;g (Kim et al., 2006, 2009; Lee et al., 2010b),
NP25 showed ~15-fold tighter binding to the target asNPig
(Kp ~ 54 nM) than to the off-target Nig (Kp ~ 822 nM) (Fig. 1A
and Table 1). Next, the target sequence-selective hydrolyzing activ-
ity of NP25 was measured by FRET assay using various concentra-
tions of substrates, in comparison with 3D8 VL WT (Fig. 1B). NP25
hydrolyzed ~3-fold more efficiently the target asNP;g substrate
(keat/Km ~ 4.8 x 1076 nM~'s™1) than the off-target Nig (kcat/
Km~ 1.4 x10"°nM's™') due to their improved substrate affinity
(Kn) and catalytic rates (kcat), whereas 3D8 VL WT exhibited simi-
lar hydrolyzing efficiencies (keat/Km ~ 2.6-3.5 x 10°6 nM~! s~ 1) for
the two substrates (Table 2). Taken together, these results demon-
strated that, compared with 3D8 VL WT, NP25 isolated against
asNP,g preferentially recognizes and degrades the target substrate
over the off-target substrate, designating NP25 as an asNPg-selec-
tive hydrolyzing variant.

3.4. Constitutive expression of NP25 does not show significant
cytotoxicity mediated by its WT in the stable A549 cell lines

To evaluate the antiviral activity of asNP;g-selective NP25 in the
cellular environment, we first established A549 cell lines constitu-
tively expressing NP25 or 3D8 VL WT as a control. Mock cells

transfected by the empty plasmid with no 3D8 VL gene were also
established (Fig. 2A). Among more than 20 clones that were se-
lected as positive for the expression of NP25 or 3D8 VL WT, we
selected two representative clones for NP25 (dubbed NP25-1 and
NP25-2 cells) and WT (dubbed WT-1 and WT-2 cells), respectively,
which are all expressing very similar levels of the proteins based
on confocal fluorescence microscopy (Fig. 2A) and Western blot-
ting (Fig. 2B). 3D8 VL WT and NP25 are predominantly localized
in the cytosol of cells with little accumulation in the nucleus
(Fig. 2A).

In our previous studies we found that 3D8 antibody either in
scFv or VL format caused some cytotoxicity in the host cells, which
was probably due to the sequence non-specific cellular RNA hydro-
lysis (Jang et al., 2009; Jun et al., 2010; Lee et al., 2010b). When we
examined effects of the constitutive expression of 3D8 VL WT and
NP25 on the cell growth rates in the established cell lines, WT-1/-2
cells expressing 3D8 VL WT showed ~1.2-fold slower proliferation
rates (population doubling time of ~25.2 h) than the plasmid-only
transfected mock cells (population doubling time of ~21.3 h)
(Fig. 2C), suggesting that the cytosolic expression of 3D8 VL WT
is somewhat cytotoxic to the host cells. However, NP25-1/-2 cells
exhibited very similar cell growth rates (population doubling time
of ~20.8 h) to those of the mock cells (Fig. 2C). A previous study
showed that microinjection of RNase proteins into human NIH/
3T3 cells retarded the cell growth rate by Go/G; cell cycle arrest
(Smith et al., 1999). To determine whether 3D8 VL WT-mediated
growth inhibition was also mediated by Go/G; cell cycle arrest,
we monitored the expression levels of the representative cell cy-
cle-associated proteins, p21°P! and cyclin D1 (Sherr and Roberts,
1995). Compared with the mock cells, WT-1/-2 cells, but not
NP25-1/-2 cells, showed upregulation of p21P' and downregula-
tion of cyclin D1 (Fig. 2D), indicative of Go/G; cell cycle arrest in
the stable cell lines. Taken together, these results indicated that
3D8 VL WT, but not NP25, reduced cell growth rate of the stable
cell lines by inducing some levels of Go/G; cell cycle arrest.

3.5. NP25 selectively hydrolyze mRNA levels of EGFP carrying the
target sequence in the stable cell lines

We next evaluated whether ectopically expressed NP25 in the
stable cell lines can selectively recognize to hydrolyze mRNA carry-
ing the target sequence in the complicated cytosolic environment.
For the reporter mRNA system, EGFP was employed by introducing
the target asNP;g and off-target G;3 sequence between ATG start
codon and EGFP reading frame, generating asNP;g-EGFP and Gqg-
EGFP, respectively. The plasmid encoding intact EGFP, asNP;g-
EGFP, or G.3-EGFP was transiently transfected into WT-1/-2 and
NP25-1/-2 stable cell lines as well as mock cells. The cytosolic pres-
ence of WT and NP25 did not significantly hydrolyze the upcoming
DNA during the transfection, as assessed by PCR of EGFP gene
against the cellular DNA (Supplementary Fig. S5). The gene expres-
sion of EGFP was monitored at the mRNA level by semi-quantita-
tive RT-PCR and at the protein level by Western blotting,
confocal fluorescence microscopy, and flow cytometry. In mock
cells, the mRNA and protein levels of EGFP were all comparable be-
tween the cells transfected with the plasmids of EGFP, asNP;g-
EGFP, and G,3-EGFP (Fig. 3A-D), suggesting that the presence of
N-terminal asNP;g or G;g sequence negligibly affects the expres-
sion of EGFP in the cells (Lee et al., 2010b). WT-1/-2 cells showed
significant reduction in the mRNA and protein levels of EGFP and
its fluorescence intensity regardless of the presence of the N-termi-
nal target/off-target sequences, demonstrating the sequence non-
specific hydrolyzing activity of 3D8 VL WT for the EGFP mRNAs
leads to the gene-silencing in the cytosolic environment (Fig. 3A-
D). In contrast, NP25-1/-2 cells selectively decreased the amount
of asNP;3-EGFP at both mRNA and protein levels, without signifi-
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Fig. 1. The selected NP25 variant against asNP;g substrate preferentially binds to hydrolyze the target substrates. (A) Representative SPR sensograms showing kinetic binding
interactions between 3D8 VLs and 18-nt ssDNA substrates. SPR sensograms were obtained from injections of 3D8 VL WT (10 uM) or NP25 (0.25 uM) over asNP;g or Nqg
substrate-immobilized surface at a flow rate of 30 pl/min. (B) Sequence-specific 18-nt ssDNA hydrolyzing assay of NP25 compared with 3D8 VL WT. Each protein (100 nM)
was incubated at 37 °C with the indicated concentrations of asNPyg or N;g substrate (16 nM-1 uM) and then the substrate-concentration dependent initial hydrolyzing
velocity (V) of the protein was plotted against the substrate concentration. Lines through the mean values represent a mathematical fit of the data using the Michaelis—

Menten equation. The detailed enzymatic kinetic parameters are shown in Table 2.

Table 1
Kinetic binding parameters for the interaction of 3D8 VLs with target asNP;g and off-
target Nqg 18-nt ssDNAs, which were monitored by SPR.?

3D8 VLs Kinetic parameters 18-nt ssDNAs
asNP;g Nig

WT kon (M~1s71) (x103) 1.76 +0.09 1.17 £0.09
kot (s71) (x1073) 9.14 +0.09 6.17 £0.11
Kp (M) (x1077) 51.8+0.6 52.9+0.25

NP25 kon (M~'s71) (x10%) 18.3+0.2 3.78 +0.01
koir (s™1) (x1073) 0.99 +0.01 3.11+0.06
Kp (M) (x1077) 0.54 +0.02 8.22+0.15

¢ Each value represents the mean + SD of two independent experiments. In each
experiment, at least five sets were used in the determination of the kinetic
constants.

cant effects on the mRNA and protein levels of intact EGFP, G1g-
EGFP and house-keeping proteins (Fig. 3A and B). NP25 selectively
abolished asNP;g-EGFP expression, but not EGFP and Gg-EGFP
expression, as determined by confocal fluorescence microscopy
(Fig. 3C) and flow cytometry (Fig. 3D). These results suggested that
cytosolically expressed NP25 selectively degrades the mRNA carry-
ing the target sequence of asNPg, leading to the target gene-selec-
tive gene silencing, without significant effects on off-target RNAs.

3.6. NP25 inhibits HINZ2 virus accumulation in the stable cell lines

To assess whether intracellular expression of asNP g-selective
NP25 is able to protect the stable A549 cell lines from the replica-

tion and production of HIN2 influenza virus carrying the target
NP-vRNA genome, NP25-1/-2 cells as well as mock and WT-1/-2
cells as controls were infected with HIN2 virus at a m.o.i. of
0.0025, 0.01 and 0.04 and then culture supernatants were har-
vested at 24, 48, and 60 hpi to determine the virus titer by HA as-
say. In mock cells, virus titers dramatically increased over time in
proportion to the challenged amount of virus (Fig. 4A). However,
virus titers in the WT-1/-2 and NP25-1/-2 cell cultures were 2-
50-folds lower depending on the virus infection m.o.i. and period
than the mock cell cultures (Fig. 4A), demonstrating that virus rep-
lication had been effectively suppressed by the expression of 3D8
VL WT or NP25 in the cells. Although the expression levels of
NP25 and 3D8 VL WT were similar in the stable cell lines, however,
NP25-1/-2 cells showed 2- to 10-fold more reduction in the virus
titers than with WT-1/-2 cells, suggesting that NP25 inhibits more
potently the viral propagation than 3D8 VL WT in the cells. The
representative raw data of HA assay are shown in Supplementary
Fig. S6.

We also compared the protein levels of NP by Western blotting
between the stable cell lines infected with HON2 at a m.o.i. of 0.01
and 0.04 at 24 or 48 hpi. Compared with the mock cells, both
NP25-1/-2 and WT-1/WT-2 cells displayed significant reduction
in the amount of HON2 NP protein (Fig. 4B). However, NP25-1/-2
cells showed more pronounced inhibitory effect on the NP protein
levels than WT-1/-2 cells, particularly at the high m.o.i. of 0.04,
consistent with the above virus titer results (Fig. 4A). Detection
of HIN2 NP protein by confocal fluorescence microscopy con-
formed to the results of Western blotting (Fig. 4C).
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Table 2

Kinetic parameters of 3D8 VLs hydrolyzing activity for target asNP;g and off-target N;g ss-DNA substrates, derived from the data given in Fig. 1B.?

3D8 VLs Kinetic parameters 18-nt ssDNAs
asNP;g Nis

WT Km (nM) 593.7 £14.7 7289 +3.6
keat (s71) (x1073) 2.1+0.1 1.9+0.1
keat/Km (nM™' s71) (x1079) 35+0.1 2.6+0.1

NP25 K (nM) 407.8 £6.4 577.9+243
kear (s71) (x1073) 1.9+0.1* 0.8+0.1
Keat/Km (nM™!''s71) (x107°) 4.8+0.1* 14+0.1

2 All experiments were performed in triplicate and the results are represented as mean + SD. Significant difference of each kinetic
parameter was determined using a two-tailed Student’s t-test versus the control N;g substrate (*: P<0.01).
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Fig. 2. Establishment of stable A549 cell lines constitutively expressing 3D8 VL WT or NP25 and their effects on the host cell growth rates. (A) Immunofluorescence detection
of 3D8 VL proteins in the mock cells transfected with empty plasmid, WT-1/-2 cells expressing 3D8 VL WT, and NP25-1/-2 cells expressing NP25 by staining with rabbit
polyclonal anti-3D8 antibodies followed by secondary TRITC-labeled anti-rabbit IgG. Images show the 3D8 VLs (red) and DAPI-stained nuclei (blue). Magnification, 400x. (B)
Expression levels of 3D8 VL WT and NP25 in the established cell lines as in (A), determined by the C-terminal c-myc tag detection under Western blotting. (C) Viable cell
number of the established A549 cell lines, which were seeded on 6-well plates (1 x 10°/well) and further cultured for the indicated periods prior to the determination of cell
number. Data represent mean + SEM of the three independent experiments carried out in triplicate. *, P < 0.01 compared with the ‘mock’ cells. (D) The protein levels of p21¢"
and cyclin D1 in the established cell lines, determined by Western blotting. In (B and D), the number below the panel indicates relative value of band intensity of proteins
compared to the band intensity in ‘mock’ cells after normalization of the band intensity to that of B-actin for each sample. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

To address the antiviral specificity of NP25 for HIN2 in
NP25-1/-2 cells, the cells were infected with (—)-ssRNA-genomed
vesicular stomatitis virus (VSV), which does not have the targeted
NP-vRNA. VSV infection into NP25-1 cells exhibited comparable
cytopathicity and viral titer to those in the mock cells (Supplementary
Fig. S7), indicating that NP25 expression did not confer any antivi-
ral activity on NP25-1 cells against VSV. However, WT-1/-2 cells
were more resistant than NP25-1/-2 cells against VSV-induced cell
death and the virus titer from WT-1 cells was significantly lower
(~25%) than those from mock and NP25-1 cells, which can be
attributed to the sequence-nonspecific hydrolyzing activity of viral
RNAs, as observed in our previous study (Jun et al., 2010). These re-
sults suggested that antiviral activity of NP25-1/-2 cells against
HIN2 virus is specifically mediated by NP25 expression in the cells.

3.7. NP25 preferentially decreases the amount of the targeted NP-
VRNA in the stable cell lines

To evaluate whether NP25 inhibits the HON2 virus propagation
by degrading the NP-vRNA carrying the target sequence of asNP;s,
we monitored the accumulation of NP-vRNA and off-target M2-
VvRNA in the NP25-1 cells, in comparison with WT-1 cells, after vir-
al infection at a m.o.i. of 0.01 and 0.04. Further, we also monitored
the levels of NP-mRNA and M2-mRNA under the same condition.
Transcription of the (—)-stranded vRNA produces the complemen-
tary, (+)-stranded mRNA and thus the two RNAs can be indepen-
dently converted to cDNA by using specific primers (Ge et al.,
2003). After influenza virus infection, new virions are released in
~4h (Medina and Garcia-Sastre, 2011; Scull and Rice, 2010). In
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Fig. 3. NP25 selectively reduces the mRNA level of the EGFP reporter gene carrying the target sequence, leading to the target gene-silencing, in the stable A549 cell lines. The
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for 4 h, further incubated for 24 h, and then monitored EGFP mRNA levels by RT-PCR (A) and EGFP protein levels by Western blotting (B), confocal fluorescence microscopy
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band intensity of mRNA (A) or proteins (B) compared to the band intensity in the mock cells transfected with the plasmid encoding intact EGFP (pEGFP-N1) after
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of EGFP expression (upper panel) and the relative EGFP fluorescence levels (lower panel), which were calculated by comparing the mean fluorescence intensity with that of
the control cells untransfected. Endogenous a-tubulin or B-actin served as the mRNA abundance and protein loading control for RT-PCR or Western blotting, respectively. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

order to follow up abundance of viral RNAs in a cohort of synchron-
ically infected cells (i.e., before new virion release and reinfection),
total RNAs were isolated from the virus-infected cells at 1 and
3 hpi and assessed by RT and real-time PCR. In NP25-1 and WT-1
cells, the levels of vVRNAs and mRNAs encoding NP and M2 genes
were ~2-25-fold lower than those in the mock cells with more
pronounced effects at the high dosage infection and the later hpi,
suggesting that the antiviral activity of 3D8 VL WT and NP25 is
mediated by decreasing viral vRNAs and/or mRNAs in the cells
(Fig. 5A). Importantly, the levels of NP-vRNA in NP25-1 cells was
~2-fold and ~3-fold lower at 3 hpi after viral infection with m.o.i
of 0.01 and 0.04, respectively, compared with those of NP-vRNA
in WT-1 cells (Fig. 5A). However, M2-vRNA in NP25-1 cells showed
more than 5-fold higher levels at 3 hpi after viral infection with
m.o.i of 0.01 or 0.04, compared with NP-vRNA levels in NP25-1
cells. These results suggest that NP25 selectively degrades the tar-
geted NP-vRNA over the off-target M2-vRNA. The similar results
were also obtained when the levels of NP-vVRNA and M2-vRNA
were quantified at 3 hpi by semi-quantitative RT-PCR after the vir-
al infection at a m.o.i. of 0.0025, 0.01 or 0.04 (Fig. 5B). Noticeably,
the amount of NP-mRNA was also more selectively decreased in

NP25-1 cells compared with M2-mRNA in NP25-1 cells and NP-
mRNA in WT-1 cells (Fig. 5A and B). It seems that the preferential
depletion of NP-vRNA by NP25 seems to contribute to more sub-
stantial reduction in the abundance of its transcript NP-mRNA than
M2-mRNA. In WT-1 cells, the vRNA and mRNA levels of NP and M2
gene were all decreased at the similar levels, compared with the
mock cells (Fig. 5B). There were no significant changes in the
mRNA levels of endogenous o-tubulin mRNA in the early period
of 3 hpi (Fig. 5B), suggesting that viral RNAs are more susceptible
to degradation than cellular RNAs by NP25 and 3D8 VL WT in
the stable cell lines. Taken together, these results suggested that
NP25 selectively recognizes to degrade the targeted NP-vRNA from
the first viral infection stage, leading to potent inhibition of the
viral replication and new virion production in the stable cell lines.

4. Discussion
In this study we have shown a novel approach of targeting par-

ticular viral genomic RNAs for degradation by antibody with the
sequence-specific nucleic acid hydrolyzing activity for the inhibi-
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tion of viral propagation. We isolated NP25 which preferentially
binds to hydrolyze the 18-nt substrate with asNP;g sequence de-
rived from NP-vRNA of HIN2 influenza virus. The cytosolic expres-
sion of asNP;g-selective NP25 in the stable A549 cell lines does not
show significant cytotoxicity, which is mediated by the sequence-
nonspecific nucleic acid hydrolyzing 3D8 VL WT, and significantly
protects the stable cell lines from HIN2 virus replication by selec-
tive degradation of the target NP-vRNA. This is the first study
describing the engineered catalytic antibody-based antiviral strat-
egy of targeting viral genome itself rather than their gene products
or mRNA itself.

Some RNases have been shown to suppress viral replication in
animal cells. Overexpression of ISG20, a human RNase specific for
ssRNA, in HeLa cells showed resistance to infections by various
viruses with ssRNA genomes, such as vesicular stomatitis and
influenza viruses, but not to the DNA genomic adenovirus (Espert
et al., 2003). An amphibian RNase, Onconase, inhibited the replica-
tion of human immunodeficiency virus, type I (HIV-1), which has
(—)-ssRNA as a genome in a chronically HIV-1-infected human
cells (Saxena et al., 1996). In this study we have shown that the
cytosolic expression of 3D8 VL WT efficiently suppressed the rep-
lication of HIN2 virus with (—)-ssRNA genome, like the 3D8 scFv
that exhibited an antiviral activity against classical swine fever
virus with (+)-ssRNA genome (Jun et al., 2010). Despite of the se-
quence-nonspecific RNA hydrolyzing activity, 3D8 VL WT more
selectively hydrolyzed viral RNAs than the endogenous cellular
RNAs (Figs. 4 and 5), like the antiviral RNases and 3D8 scFv (Jang
et al., 2009; Saxena et al., 2002). It seems that endogenous cellular

RNAs associated with cellular proteins are more efficiently pro-
tected than viral RNAs from the RNA hydrolyzing activity of 3D8
VL WT (Figs. 3-5). Thus the preferential degradation of viral RNAs
over cellular RNAs by 3D8 VL WT might explain the antiviral activ-
ity, as proposed for the antiviral mechanism of Onconase and 3D8
scFv with no sequence specificity (Jang et al., 2009; Jun et al., 2010;
Saxena et al., 1996, 2002).

However, 3D8 VL WT without the particular specificity for RNA
sequence and/or structure shows some levels of cytotoxicity by
inducing cell cycle arrest to slow the cell proliferation rate even
in the established A549 stable cell lines (Fig. 2). This result is con-
sistent with previous observations that microinjected Onconase or
RNase A induced cell death by cell cycle arrest (Smith et al., 1999).
Thus the cytotoxicity of 3D8 VL WT most likely resulted from the
nonspecific hydrolysis of cellular RNAs, like the cases of Onconase
and 3D8 scFv (Jang et al., 2009; Saxena et al., 2009; Smith et al.,
1999). In contrast to 3D8 VL WT, NP25 with ~15-fold higher affin-
ity and ~3-fold greater selective hydrolyzing activity for the target
asNP;g substrate than for off-target N;g substrate does not show
any significant cytotoxicity to the host cells. Further, NP25 selec-
tively induces knockdown of the reporter EGFP carrying the target
sequence at 5'-terminus by decreasing the mRNA level with mini-
mal effects on off-target mRNAs in the cytosolic environment
(Fig. 3). Thus the conferred target specificity of NP25 overcome
the undesirable cytotoxicity mediated by its parent 3D8 VL WT.

The cytosolic expression of asNP,g-selective NP25 more effi-
ciently inhibited the accumulation of HIN2 virus (A/Chicken/Kor-
ea/MS96/96) than 3D8 VL WT in the stable cell lines. More
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Fig. 5. NP25 more selectively decreases the amount of the targeted NP-vRNA than 3D8 VL WT in the stable A549 cell lines in the early infection periods. (A and B) The levels of
NP-vRNA, NP-mRNA, M2-vRNA, and M2-mRNA of HIN2 virus in the virus-infected stable cell lines, monitored by RT, followed by real-time PCR at 1 and 3 hpi (A) and semi-
quantitative PCR at 3 hpi (B) using each RNA gene specific primers. Cells were infected with HON2 virus at a m.o.i. of 0.0025, 0.01 and/or 0.04 and then harvested for RNA
extraction at 1 and/or 3 hpi. In (A), the level of each viral RNA was normalized to the level of o-tubulin mRNA of the host cells and then presented as fold difference compared

to those in the mock cells at 1 hpi. Data represent mean + SEM of two independent experiments carried out in triplicate. *,

P <0.05 compared with the mock or WT-1/-2 cells

as indicated. In (B), the level of endogenous o-tubulin mRNA was included as an mRNA abundance control. The number below the panel indicates relative value of band

intensity compared to the value of ‘mock’ cells infected at a m.o.i. 0.0025.

specific reduction in the amount of targeted NP-vRNA than off-tar-
get M2-vRNA from the early stage of virus infection in the stable
cell lines without noticeable changes in the levels of the endoge-
nous mRNA suggests that NP25 indeed recognizes and hydrolyzes
the NP-vRNA of HIN2 virus more specifically than off-targets. The
preferential degradation of NP-vRNA by NP25 seems to cause more
significant reduction in the amount of NP-mRNA, the transcript of
NP-vRNA, compared with M2-mRNA. In addition to the targeted
NP-VvRNA, the off-targets of NP-mRNA, M2-vRNA and M2-mRNA
were also decreased in NP25-1 cells. NP is critical for replication
of vRNAs (Kao et al., 2010; Muller et al., 2012). Accordingly, deple-
tion of NP-vRNA by NP25 seems to exert a global effect, inhibiting
the accumulation of other viral RNAs, including M2-vRNA (Ge
et al., 2003). However, NP25 did not inhibit the accumulation of
M2-vRNA as much as NP-vRNA (Fig. 5). This can be attributed to
the difference in the timing of mRNA transcription and cRNA/VRNA
replication. After influenza virus infection, mRNA production and
protein synthesis precede genome replication (Muller et al.,

2012; Scull and Rice, 2010). Immediately synthesized NP protein
upon HIN2 virus infection (before NP-vRNA degradation by
NP25) may contribute to some levels of the off-target M2-vRNA
in NP25-1 cells.

After internalization of influenza A virus into cells, the genomic
VRNAs enter into the nucleus of cells and serves as templates for
the transcription of viral mRNAs and cRNAs (Medina and Garcia-
Sastre, 2011; Subbarao and Joseph, 2007). Accumulation of viral
proteins switches on the replication of vRNAs based on the tem-
plate of (+)-cRNAs in the nucleus (Muller et al., 2012; Scull and
Rice, 2010). Naked vRNAs route to cytosol and then are encapsidat-
ed by NP before the assembly with other viral proteins and release
from the host. Considering the life cycle of influenza A virus, cytos-
olically expressed NP25 has a chance to recognize naked NP-vRNA
only in the cytosol before its assembly with viral proteins. NP25
did not completely abolish but reduce the accumulation of NP-
VRNA, particularly at high-titer infection of virus. Thus further
engineering of NP25 to have much higher specific hydrolyzing
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activity for the target NP-vRNA seems to be necessary for the com-
plete inhibition of virus replication. In another aspect, if NP25 is di-
rected to be localized in the nucleus of cells, where vRNAs are
amplified, it might more effectively inhibit the viral replication.

5. Conclusions

Influenza NP is essential to viral replication, providing an ideal
target for antiviral therapy (Medina and Garcia-Sastre, 2011). NP
has been targeted at the protein level for antiviral therapy by a
small molecule (Kao et al., 2010), but it is extremely difficult to
be targeted by antibody since it is not exposed at the viral surface.
Thus NP gene has been targeted at the mRNA level using siRNA
technique, showing effective inhibition of influenza A virus replica-
tion in the cells expressing the siRNA (Ge et al., 2003; Zhou et al.,
2007, 2008). However, antiviral therapy by siRNA has a disadvan-
tage over protein-based approach, such as antibody, because siRNA
is much less stable than proteins due to the susceptibility to RNas-
es (Manikandan et al., 2007). In this study NP gene is targeted at
the viral genomic VRNA level by single domain antibody, NP25,
which can selectively recognize and hydrolyze the targeted NP-
VRNA from the initial infection stage. The asNP;g target sequences
of NP-vRNA in the low pathogenic HIN2 are highly conserved in
other NP-vRNAs of high pathogenic viruses, such as HIN1 (A/Puer-
toRico/8/34) and H5N1 (A/chicken/Hubei/327/2004). Therefore,
NP25 against NP-vRNA might have a potential capability of broad
inhibition of the high pathogenic influenza A viruses. Our results
provide a proof-of-concept of targeting viral genomic VRNAs by
the sequence-specific nucleic acid hydrolyzing antibody for the
prevention and control of influenza A virus infection in humans
and animals.
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