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Currently, there is a need of new anti-influenza agents that target influenza virus proteins other than ion
channel M2 and neuraminidase. Non-structural protein-1 (NS1) is a highly conserved multifunctional
protein which is indispensable for the virus replication cycle. In this study, fully human single chain anti-
body fragments (HuScFv) that bound specifically to recombinant and native NS1 were produced from
three huscfv-phagemid transformed Escherichia coli clones (nos. 3, 10 and 11) selected from a human ScFv
phage display library. Western blot analysis, mimotope searching/epitope identification, homology mod-
eling/molecular docking and phage mimotope ELISA inhibition indicated that HuScFv of clone no. 3
reacted with NS1 R domain important for host innate immunity suppression; HuScFv of clone nos. 10
and 11 bound to E domain sites necessary for NS1 binding to the host eIF4GI and CPSF30, respectively.
The HuScFv of all clones could enter the influenza virus infected cells and interfered with the NS1 activ-
ities leading to replication inhibition of viruses belonging to various heterologous A subtypes and type B
by 2–64-fold as semi-quantified by hemagglutination assay. Influenza virus infected cells treated with
representative HuScFv (clone 10) had up-expression of IRF3 and IFN-b genes by 14.75 and 4.95-fold,
respectively, in comparison with the controls, indicating that the antibodies could restore the host innate
immune response. The fully human single chain antibodies have high potential for developing further as
a safe (adjunctive) therapeutic agent for mitigating, if not abrogating, severe symptoms of influenza.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

At present, there are only two families of FDA-approved drugs
for treatment of influenza, i.e., blockers of the polymeric M2 ion
channel activity (amantadine and rimantadine) and neuraminidase
(NA) inhibitors (oseltamivir, zanamivir and peramivir) which pre-
vent viral release and spread. These drugs must be taken early in
the course of the infection in order to expect high response rate.
Drug resistant influenza viruses have increasingly emerged
(McKimm-Breschkin, 2000; Bright et al., 2006; Deyde et al.,
2007; Hurt et al., 2004, 2006; Renaud et al., 2011; Tang et al.,
2008). Thus, new agents that target other influenza virus proteins
and can tolerate the antigenic variation of the viruses should be
sought.

Non-structural protein-1 (NS1) is a multifunctional and con-
served protein of influenza viruses (Hale et al., 2008a). It is pro-
duced at the initial phase of the infection for suppressing and
evading the host immune responses and enhancing the viral repli-
cation (Hale et al., 2008a; Kim and Samal, 2010; Lin et al., 2007).
Each molecule of the NS1 comprises of 200–237 amino acids
depending upon strains (Suarez and Perdue, 1998; Bornholdt and
Prasad, 2006; Palese and Shaw, 2007; Suwannakhon et al., 2008).
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The N-terminal domain (residues 1–73) is a double stranded (ds)-
RNA binding (R) domain which functions in limiting host inter-
feron (IFN) a/b production. The NS1 inhibits the cellular 20,50 oli-
goadenylate synthetase (OAS) activation by competing for the
viral dsRNA (Min and Krug, 2006) and prevents the viral RNA from
the OAS dependent RNase-L degradation. Because the OAS is inac-
tive, the RNase L is in latency and refractory to the host IFN (Silv-
erman, 2007). The R domain inhibits serine/threonine protein
kinase R (PKR) activity, also by dsRNA competitive binding which
prevents apoptosis of the influenza virus infected host cells
through the PKR-signaling pathway (Min et al., 2007). The NS1 C-
terminal (residues 74 to the end of the C terminus) is an effector
(E) domain which interferes with PI3K/Akt pathway and promotes
the host cell survival for viral replication and propagation (Hale
et al., 2006, 2008b). The domain binds directly to cleavage and pol-
yadenylation specific factor (CPSF30) and poly-A-binding protein-II
(PABPII) causing inhibition of cellular pre-mRNA processing (elon-
gation of poly-A tail is halted); therefore cellular protein synthesis
is bias towards the viral benefit (Nemeroff et al., 1998; Chen et al.,
1999). The E domain interact with eIF4GI and also poly-A-binding
protein-I (PABPI) recruiting them to the 50 end of the viral mRNA
for enhancing the viral translation (Aragon et al., 2000; Burgui
et al., 2003). Nascent NS1 protein can block active site of nucleolin
and prevents nuclear export of the host mRNAs (Ong and Chan,
2012). Besides, the NS1 protein interferes with dendritic cell (DC)
maturation and migration by regulating the relevant gene expres-
sions which consequently causes the DC inability to stimulate IFN-
c secretion from Th1 cells (Fernandez-Sesma et al., 2006). There-
fore, agent that interferes with the influenza virus NS1 activities
should result in restoring the host anti-viral activities, particularly
the IFN based-innate immunity, as well as limiting the virus repli-
cation. In this study, human single chain variable antibody frag-
ments (HuScFv) that bound specifically to the R and E domains of
the NS1 protein were produced. The NS1 specific-HuScFv inter-
fered with the replication across types and subtypes of influenza
viruses.
2. Materials and methods

2.1. Viruses

Influenza viruses used in this study are listed in Table 1. Sendai
virus was ATCC strain 52 (Fushimi). The viruses were propagated in
either 8–10 days old embryonated eggs or Mardin-Darby canine
kidney (MDCK) cells. For the latter, the MDCK cells inoculated with
seed virus were grown in Dulbeco0s Modified Eagle Medium
(DMEM) (Gibco) supplemented with 2 mM L-glutamine, penicillin
Table 1
Influenza viruses used in this study.

Name Subtype Clade Subclade Referen

A/duck/Thailand/144/2005 H5N1 1 Songser
A/dog/Thailand-Suphanburi/KU-

08/2004
H5N1 1 Isolated

accessio
A/duck/Thailand-Nong-Khai/KU-

56/2007
H5N1 2 3 Isolated

EU2212
A/swine/Iowa-15/30 H1N1 M33046
A/Thailand/CU-68/2006 Seasonal H1N1 Isolated

(GenBan
A/CTB/32/2011 (A/California/7/

2009-like virus)
H1N1 Vaccine-
like strain

GenBan

A/swine/Thailand/KU-21/2004 H3N2 Isolated
A/SRTN/23/2011 (A/Perth/16/

2009-like virus)
H3N2 GenBan

B/TAK/42/2011 (B/Brisbane/60/
2008-like virus)

Vaccine-like
strain

GenBan
(100 units/ml), streptomycin (100 lg/ml) and 10% heat inactivated
fetal bovine serum (Hyclone, Thermo Scientific) at 37 �C in 5% CO2

atmosphere.

2.2. Production of recombinant NS1 proteins

Full length recombinant NS1 and R and E domain proteins were
produced as described in Supplemental Materials and Methods 1.

2.3. Selection of phage clones that bound to recombinant NS1 and
production of HuScFv

The method details are given in Supplemental Materials and
Methods 2.

2.4. ELISAs

HuScFv expressed from individual huscfv-positive HB2151 Esch-
erichia coli clones were tested for reactivity to recombinant F-NS1
by indirect and dot ELISAs (Kulkeaw et al., 2009) using lysate of ori-
ginal HB2151 E. coli and BSA as negative HuScFv and antigen con-
trols, respectively.

2.5. Western blot analysis for determining NS1 domain bound by
HuScFv

The recombinant F-NS1, R and E proteins were individually sub-
jected to 12% SDS–PAGE and Western blot analysis as described
previously (Thueng-in et al., 2012).

2.6. Virus neutralization tests

The virus (A/duck/Thailand-Nong-khai/KU-56/2007 H5N1) was
either mixed with HuScFv before adding to the cells (test a) or
added directly into the MDCK cells in the culture wells (test b) at
MOI 0.5 using diluted lysate of pET32c+ transformed BL21 (DE3)
E. coli mixed with virus as control (c). Virus adsorption and cellular
entry was allowed for 2 h at 37 �C in 5% CO2 atmosphere. The fluid
in each well was aspirated; the cells were washed gently with plain
DMEM and the cells of tests a and b were replenished with serum
supplemented DMEM (150 ll) containing 2 lg of HuScFv while the
control cells (c) were added with diluted lysate of pET32c+ trans-
formed BL21 (DE3) E. coli which was used as negative HuScFv con-
trol. The plate was incubated at 37 �C in 5% CO2. Every 2 h
thereafter until 24 h, the medium in triplicate wells of each treat-
ment was removed and the numbers of virus plaques in the cells
were enumerated by using plaque assay. The virus infected cells
ce, GenBank accession no. and/or relevant information

m et al. (2006)
from moribund dog in Suphanburi province, central Thailand (GenBank
n no. DQ530170-7)
from duck in Nong-Khai province, northeastern Thailand (GenBank accession no.

49-56)

from infected patient of Chulalongkorn Hospital, Bangkok, Thailand in 2006
k accession no. FJ912931-6)

k accession no. FJ969536-40

from infected pig in Thailand in 2004
k accession no. GQ293081-2

k accession no. FJ766841-2
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in each well were washed with PBS, fixed with 200 ll of absolute
methanol overnight, washed again with PBS, permeabilized with
1% Triton X-100 (100 ll) for 30 min and blocked with 3% BSA
(200 ll) for 1 h. Mouse polyclonal anti-M2 (primary antibody)
was added and incubated. Goat anti-mouse immunoglobulin-alka-
line phosphatase (AP) conjugate and BCIP/NBT substrate were used
for revealing the virus plaques. The numbers of plaque at different
time points were compared between different treatment groups.

Alternatively, influenza viruses (various strains of A subtypes
and type B) and Sendai virus (control virus) were mixed with HuS-
cFv/irrelevant HuScFv/lysate of original BL21 (DE3) E. coli and
immediately added separately to MDCK cell monolayer grown in
DMEM in triplicate wells of a 96 well tissue culture plate. The virus
entry was allowed as above and the infected cells were grown in
serum supplemented DMEM (150 ll) containing 2 lg of individual
HuScFv, irrelevant HuScFv specific to puffer tetrodotoxin (Chulan-
etra et al., 2012) or diluted lysate of pET32c+ transformed BL21
(DE3) E. coli and incubated further for 22 h. The spent culture fluids
in all wells were collected separately and subjected to hemaggluti-
nation assay for semi-quantification of the released viruses as de-
scribed previously (Maneewatch et al., 2009). Cells in the wells
infected with type A and Sendai viruses were subjected to cell-ELI-
SA for determining the amounts of the intracellular influenza virus
NS1 and M2 and Sendai virus, respectively. Cells in the wells in-
fected with type B influenza virus were subjected to comparative
real-time PCR (qPCR) for determining the amounts of intracellular
viral RNA coding for hemagglutinin (HA) and neuraminidase (NA).
Sendai virus N protein in the virus infected cells was also deter-
mined by the qPCR. Three independent experiments were
performed.

2.7. Hemagglutination assay and cell ELISA

For hemagglutination assay, samples containing influenza
viruses were two-fold serially diluted with PBS in a V-bottom
microplate (25 ll/well). To each well, 25 ll each of PBS and 1%
goose erythrocytes in PBS were added and mixed. The plate was
kept at 25 �C until the red blood cells in the control wells (wells
containing only 50 ll PBS and 25 ll red blood cells) set as a button
at the bottom of the well (negative hemagglutination). The hemag-
glutination titer (the highest virus dilution that caused complete
agglutination of the erythrocytes) of each sample was determined.

For the ELISA, the cells infected with type A viruses and Sendai
virus in individual wells were washed with PBS, fixed with 200 ll
of absolute methanol overnight, washed again with PBS, permeabi-
lized with 1% Triton X-100 (100 ll) for 30 min and blocked with 3%
BSA (200 ll) for 1 h. For influenza virus antigens, mouse polyclonal
anti-influenza NS1 or M2 (100 ll) was added and kept for 1 h then
the cells were washed with PBST. Goat anti-mouse immunoglobu-
lin-HRP conjugate (100 ll) was added to each well, kept for 1 h,
washed and added with ABTS substrate. After 15 min, the fluids
in all wells were placed appropriately in new microplate wells
and OD405nm were determined. For Sendai virus detection, chicken
polyclonal antibody to Sendai virus (Abcam, UK), goat anti-chicken
immunoglobulin, rabbit anti-goat immunoglobulin-HRP and ABTS
substrate were used.

2.8. Comparative real-time RT-PCR

After collecting the spent culture fluids in all wells, total RNA
was extracted from the influenza B and Sendai virus infected cells
by using RNeasy Mini Kit (Qiagen). The RNA of each sample was
quantified by NanoDrop ND-1000 Spectrophotometer (Thermo Sci-
entific). Two pairs of primers specific to gene sequences coding for
influenza B virus HA and NA (HA: forward 5’-ACGGATACACATCC-
CATGGGGCA-30 and reverse 50-TGGAGTTCATCCATGGCACCGC-30;
NA: 50-TGCCCGGGCTCAACCTTTCAG-30 and reverse 50-CCCCCT
GGTTGGGCTGCATAA-30) were designed from B/Brisbane/60/2008
virus (GenBank accession no. FJ766841). Primer pair specific to
Sendai virus nucleoprotein (N) gene (forward 50-GTGACGGATA-
CAGCCAAGGG-30 and reverse 50-ACTATCTCCACCCCAACCCC-30)
were designed from Sendai virus strain Z (GenBank accession no.
AB753449.1). PCR master mix was prepared on ice with 2� Bril-
liant II SYBR� Green QRT-PCR Master Mix (Agilent), RT/RNase block
enzyme, 200 nM of each primer and RNA solution (equal amount of
total RNA) in a total of 12.5 ll. PCR was carried out using Rotor
Gene (RG-3000) machine (Corbett Research, Australia) to compare
the amounts of the RNA coding for influenza B virus HA and NA and
Sendai virus N protein in the samples using GAPDH RNA for nor-
malization. The qPCR conditions were: reverse transcription at
42 �C for 1 h, initial denaturation at 95 �C for 10 min and 40 cycles
at 95 �C for 30 s, 58 �C for 30 s and 72 �C for 30 s. To analyze disso-
ciation curve, the following thermal profile was used: 95 �C for
1 min then ramped down to 55 �C (0.5 �C/s) and ramped up to
95 �C.

2.9. Effect of HuScFv on NS1 production by influenza virus

MDCK cell monolayer grown on glass cover slips in tissue cul-
ture wells were infected with influenza viruses in the presence of
either NS1 specific-HuScFv or lysate of BL21 E. coli carrying
pET32c+ without the huscfv insert (negative HuScFv control). Viral
entry was allowed for 2 h; the cells were washed and replenished
with fresh medium containing the HuScFv or the negative HuScFv
control for 22 h. After discarding the culture fluid, the cells on the
cover slips were washed with PBS, fixed with methanol, permeabi-
lized with 1% Triton X-100 (100 ll) for 30 min, blocked with 3%
BSA (200 ll) for 1 h and washed again with PBST before adding
with mouse polyclonal anti-NS1 antibody for 1 h. After washing,
the cells were allowed to react with chicken anti-mouse immuno-
globulin-Alexa Fluor 488 (Invitrogen) for 1 h, washed with PBST
and subjected to confocal microscopy for determining the amounts
of the native NS1 in the infected cells.

2.10. Detection of HuScFv, native NS1 and lipid raft in the influenza
virus infected cells

MDCK cell monolayer grown on glass cover slips in tissue cul-
ture wells were infected with influenza viruses in the presence of
NS1 specific-HuScFv. After allowing the viral entry for 2 h, the cells
were washed and replenished with fresh medium containing the
HuScFv/lysate of E. coli control for 4 h. Non-infected cells were in-
cluded in the experiment. After discarding the culture fluids, the
cells on the cover slips were washed with PBS, fixed, permeabili-
zed, blocked for 1 h and washed again with PBST before adding
with rabbit polyclonal anti-NS1 antibody and mouse monoclonal
anti-6x-His tag and kept for 1 h. After washing, the cells were al-
lowed to react with chicken anti-mouse immunoglobulin-Alexa
Fluor 488, goat anti-rabbit immunoglobulin-Alexa Fluor 594 and
cholera toxin B (CT-B) subunit-Alexa Fluor 647 (Invitrogen) for
1 h (the labeled CT-B bound to pentasaccharide chains of GM1 gan-
gliosides which located selectively in the cellular lipid raft). The
stained cells were observed under 2.4 lm sectional laser confocal
microscopy for HuScFv (green), the native NS1 (red) and the cellu-
lar lipid raft (blue) at different cellular layers.

2.11. Phage peptides (mimotopes) that bound to NS1 specific-HuScFv
and NS1 residues bound by the HuScFv

Phage peptides (mimotopes) that bound to the NS1 specific-
HuScFv were determined by using a phage display 12-mer peptide
library (Ph.D.™-12 Phage Display Peptide Library, New England
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Biolabs) (Sookrung et al., 2011). The method details are given in
Supplemental Materials and Methods 3.

2.12. Homology modeling and molecular docking for determining the
interface binding of the HuScFv to the NS1 protein

Details of the methods are given in Supplemental Materials and
Methods 4.

2.13. ELISA inhibition for verification of the phage mimotopes

Phage clones displaying the mimotopes were propagated in
ER2738 E. coli and the titers of the amplified phages were deter-
mined according to manufacturer’s instruction (New England Bio-
labs, USA). Phage mimotope preparations (50 ll) containing
various amounts of phages (106, 107 and 108 pfu) were mixed indi-
vidually with fixed amount (5 lg) of HuScFv (50 ll) and incubated
at 37 �C for 1 h. The HuScFv mixed with M13KO7 phage served as
background binding control. F-NS1 coated wells added with the
HuScFv served as 100% binding (maximum binding). After wash-
ing, rabbit anti-E tag antibody, goat anti-rabbit immunoglobulin-
HRP conjugate and ABTS substrate were added, respectively.
OD405nm of the content of each wells were determined. The % ELISA
inhibition was calculated:

% ELISA inhibition ¼ ½ðOD405nm of maximum binding

� OD405nm of testÞ
� ðOD405nm maximum controlÞ� � 100
2.14. Effect of NS1 specific-HuScFv on virus infected cells

Expression levels (mRNA) of genes encoding IRF3 and IFN-b in
influenza virus infected cells incubated with NS1 specific-HuScFv
were compared with the mRNA in infected cells without the HuS-
cFv treatment. A/duck/Thailand-Nong-Khai/KU-56/2007 (H5N1)
virus mixed with HuScFv of clone no. 10, irrelevant HuScFv and
antibody diluent containing homogenate of BL21(DE3) E. coli carry-
ing empty pET32c+ vector were added immediately after mixing to
A549 cells in separate wells and kept for 2 h before the fluid in each
well was replaced with fresh medium containing the respective
HuScFv or controls and the cells were incubated further for 2 h. To-
tal RNA was extracted from the infected cells of individual wells
using RNeasy Mini kit (Qiagen) and quantified by using a Nano-
Drop ND-1000 Spectrophotometer (Thermo Scientific). Two pairs
of primers specific to IRF3 and IFN-b coding gene sequences, i.e.,
IRF3: forward 50-CTTGGAAGCACGGCCTAC-30 and reverse 50-
CGGAAATTCCTCTTCCAGGT-30 and IFN-b: 50-GTCTCATTCCAGC-
CAGTGCT-30 and reverse 50-TGGCAATTGAATGGGAGGCT-30, were
designed from Genbank (accession no. Z56281 and NM_002176,
respectively) by using Primer3 software. PCR master mix
(12.5 ll) was prepared on ice with 2� Brilliant II SYBR� Green
QRT-PCR Master Mix (Agilent), RT/RNase block enzyme, 200 nM
of each primer and RNA solution (equal amount of total RNA).
The real-time RT-PCR was carried out by using Mx3000P QPCR Sys-
tem machine (Agilent) at 42 �C for 1 h, initial denaturation at 95 �C
for 10 min and 40 cycles of 95 �C for 30 s, 58 �C for 30 s and 72 �C
for 30 s. To analyze the dissociation curve, thermal profile of 95 �C
for 1 min, then ramped down to 60 �C (0.5 �C/s) for 45 s and
ramped up to 95 �C was used.

2.15. Statistical analysis

Differences among tests and controls were compared by using
one way analysis of variance (ANOVA). Independent-t-test was
used for analysis of the IRF3 and IFN-b mRNA expression levels.
p < 0.05 was significantly different.
3. Results

3.1. Production of NS1 specific HuScFv and their characteristics

Recombinant F-NS1 and R and E domains of the NS1 were pro-
duce successfully. Supplemental Fig. 1A shows PCR amplicon of the
DNA sequence coding for the F-NS1 (�675 bp) and the IPCR ampli-
cons of the NS1 R and E domains with pET20b+ vector (�3900 and
�3700 bp, respectively). Western blot patterns of the recombinant
proteins in respective transformed E. coli lysates are illustrated in
Supplemental Fig. 1B. The molecular masses of the recombinant
F-NS1, R and E proteins were 30, 13 and 24 kDa, respectively. De-
duced amino acid sequence (225 residues) of the recombinant F-
NS1 is shown in Supplemental Fig. 1C.

Soluble recombinant F-NS1 protein was used as the antigen in
the phage bio-panning for selecting NS1 bound phage clones. From
the single round panning, 30 clones of the HB2151 E. coli grown on
the selective agar plate were picked randomly and screened for the
presence of the huscfv sequences (�1,000 bp); 25 clones (83%)
were positive (Supplemental Fig. 2A). Among the 25 clones, 15
clones could express HuScFv (Supplemental Fig. 2B).

The DNA banding patterns (RFLP) of the MvaI cut-huscfv se-
quences of the 15 phagemid transformed HB2151 E. coli clones
(clone nos. 1–15) that could express HuScFv are shown in Supple-
mental Fig. 3. There were 14 different banding patterns; two clones
(nos. 3 and 8) had the same RFLP.

HuScFv prepared from the 15 huscfv-phagemid transformed
HB2151 E. coli clones were tested by indirect ELISA against recom-
binant F-NS1 using BSA as antigen control and lysate of original
HB2151 E. coli as negative antibody control. HuScFv of three clones
(nos. 3, 10, and 11) gave significant ELISA signals above the con-
trols (data not shown). HuScFv of these clones were tested for
binding to the F-NS1 by dot ELISA. All clones were positive by
the assay (Supplemental Fig. 4).

HuScFv prepared from the lysates of the E. coli clone no. 3 bound
to SDS–PAGE separated-recombinant R domain of the NS1 protein
while lysates of the E. coli clone nos. 10 and 11 bound to the NS1 E
domain (Fig. 1).
3.2. NS1 specific-HuScFv inhibited influenza virus replication in the
infected MDCK cells

Log10 of plaque numbers of A/duck/Thailand/Nong-khai/KU56/
2007 (H5N1) of tests a and b and control (c) are shown in Fig. 2.
The plaque numbers of tests a and b (virus infected cells were
grown in HuScFv-10 supplemented medium) were significantly
less than the control (grown in HuScFv deprived-medium)
throughout the course of the experiment (2–24 h). The plaque
numbers during the early phase of the experiment (2–10 h) of
the test a (virus mixed with HuScFv-10 before adding to MDCK cell
monolayer) and test b (virus added directly into the cell mono-
layer) were not different statistically. Nevertheless during the late
phase of the experiment (12–24 h), the test b had significantly
higher plaque numbers than the test a (p < 0.05). Therefore, subse-
quent experiments for testing the effects of HuScFv of clone nos. 3,
10 and 11 on type A and type B virus were performed using the test
a design.

Hemagglutination titers of the influenza A and B viruses and
Sendai virus control in the culture supernatants of the MDCK cells
collected at 24 h post-infection with the viruses that had been
exposed to the NS1 specific-HuScFv of clone nos. 3, 10 and 11, irrel-
evant HuScFv and negative HuScFv controls are shown in Table 2.



Fig. 1. Results of Western blot analysis for determining the NS1 domain bound by
the HuScFv of clones no. 3, 10 and 11. (M) PAGE Ruler protein ladder. Lanes 1–5,
SDS–PAGE separated-6x His tagged-recombinant R protein; lanes 6–10, SDS–PAGE
separated-6x His tagged-E protein. Lanes 1 and 6 were probed with mouse
monoclonal anti-6x His antibody (positive controls). Lanes 2 and 7, 3 and 8, and 4
and 9 were probed with HuScFv of clone nos. 3, 10 and 11, respectively. Lanes 5 and
10 were probed with irrelevant HuScFv control. The numbers at the left are protein
molecular masses in kDa. The HuScFv of clone no. 3 bound only to the R protein at
�13 kDa (lane 2) (lower arrow) while HuScFv of clone nos. 10 and 11 bound to E
domain at �24 kDa (lanes 8 and 9, respectively) (upper arrow).

Fig. 2. Growth curves of influenza A/duck/Thailand/Nong-khai/KU56/2007 (H5N1).
(A) Virus-HuScFv mixture was added to cells, 2 h adsorption, removed extracellular
virus, washed, incubated in HuScFv containing medium; (B) virus was added
directly to cells, 2 h adsorption and the infected cells were treated similarly to A; (C)
virus was mixed with diluted lysate of original BL21 (DE3) E. coli before adding to
the cells, 2 h adsorption, washed and the infected cells were grown in the medium
containing diluted lysate of the E. coli. Plaque assay was performed for enumeration
of the virus plaques in the infected cells of all treatment at every 2 h until 24 h
(three wells/treatment/time point). The plaque forming units (pfu) of test a were
less than tests b and c (p < 0.05 by ANOVA).
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The HuScFv of all three clones could mediate a marked reduction of
the amounts of the viruses released into the culture fluids by 2–64
fold when compared with the controls containing the virus
infected cells that had been exposed to irrelevant HuScFv and
lysate of BL21 (DE3) E. coli carrying pET32c+ (negative HuScFv
control). The HuScFv could not reduce the amounts of Sendai virus
released into the culture fluids.

Fig. 3 shows cell ELISA results for determining the amounts of
native NS1 and M2 proteins in MDCK cells infected with influenza
viruses including A/duck/Thailand-Nong-Khai/KU-56/2007
(H5N1), A/dog/Thailand-Suphanburi/KU-08/2004 (H5N1), A/
swine/Iowa-15/30 (H1N1), A/Thailand/CU-67/2006 (H1N1), A/
CTB/32/11 (H1N1) which is A/California/7/2009 (H1N1)-like virus,
A/swine/Thailand/KU-21/2004 (H3N2) and A/SRTN/23/11 (H3N2)
which is A/Perth/16/2009-like virus that had been exposed to
NS1 specific-HuScFv of clone nos. 3, 10 and 11, irrelevant HuScFv,
negative HuScFv control. Control experiments using Sendai virus
were included also as virus control. The OD405nm of the cells in-
fected with influenza A viruses that had been exposed to the NS1
specific-HuScFv were much lower than the controls (p < 0.01) ex-
cept for the HuScFv of clone no. 11 which the amount of intracel-
lular NS1 of A/CTB/32/11 (H1N1) was not different statistically
(p > 0.05) from the cells infected with the irrelevant HuScFv-trea-
ted virus although it was different statistically from the negative
HuScFv control (p < 0.05). The HuScFv could not reduce the
amounts of intracellular Sendai virus as detected by cell ELISA
using chicken anti-Sendai virus polyclonal antibody.

Fig. 4 shows the results of the comparative real-time RT-PCR
for comparing the number of HA and NA coding genes in MDCK
cells infected with the B/TAK/42/11 (B/Brisbane/60/2008-like
virus) that had been exposed to the HuScFv of clone nos. 3, 10
and 11, irrelevant HuScFv, and negative HuScFv control. Sendai
virus exposed to the HuScFv served as control. The relative
amounts of the HA and NA genes were lower (p < 0.01) in the
cells infected with the influenza B virus that had been exposed
to the NS1 specific-HuScFv of clone nos. 10 and 11 compared
with irrelevant and negative HuScFv controls. The relative
amounts of both gene sequences were not different between
the virus treated with the HuScFv of clone no. 3 and the irrele-
vant HuScFv control (p > 0.05) but both were lower than those of
the negative antibody control (p < 0.01). The HuScFv of all clones
did not reduce the amounts of N protein mRNA of the Sendai
virus compared to the controls.

The results of hemagglutination, cell ELISA and comparative
real-time PCR indicated that the NS1 specific HuScFv of all three
clones could interfere with replication of influenza viruses belong-
ing to different subtypes and types including avian H5N1, swine
H1N1 and H3N2, human H1N1 and H3N2 and influenza B virus.
The low effectiveness of the HuScFv of clone no. 11 on replication
inhibition of the A/CTB/32/11(H1N1) which is the A/California/7/
2009(H1N1)-like virus might be due to less avidity of the binding
of the HuScFv on the NS1 protein of this virus. Detail investigation
is needed to elucidate this speculation. The irrelevant HuScFv spe-
cific to puffer tetrodotoxin also exerted inhibition of the influenza
B virus replication as much as did by the HuScFv of clone no. 3
(Fig. 4). The irrelevant HuScFv might cross-react with some portion
of the influenza B virus NS1 protein or other virus protein(s) that
involved in the replication process and exerted the observed pla-
cebo effect.

3.3. Effects of HuScFv on native NS1 production in the influenza virus
infected cells

Fig. 5 illustrates the results of the confocal microscopy for
detecting the amount of native NS1 in MDCK cells infected
with A/duck/Thailand-Nong-Khai/KU-56/2007(H5N1) and A/
swine/Iowa-15/30(H1N1) that had been exposed to the HuS-
cFv of clone no. 10 (representative) grown in the HuScFv
supplemented medium in comparison with the infected cells



Table 2
Reciprocal hemagglutination titers in the culture supernatants of MDCK cells infected with different influenza viruses and Sendai virus that had been exposed to HuScFv of clone
nos. 3, 10 and 11.

Name of virus isolate (subtype) Reciprocal hemagglutination titer of the virus in the cell culture supernatant

Negative HuScFv controla Irrelavant HuScFvb HuScFv of clone no.

3 10 11

A/duck/Thailand-Nong-Khai/KU-56/2007 (H5N1) 128 128 2 32 8
A/dog/Thailand-Suphanburi/KU-08/2004 (H5N1) 128 128 <2 <2 <2
A/swine/IA-15/30 (H1N1) 32 32 16 4 4
A/Thailand/CU-67(2006) (H1N1) 8 4 <2 2 <2
A/CTB/32/11 (A/California/7/2009(H1N1)-like virus) 8 8 <2 <2 neg
A/swine/Thailand/KU-21/2004 (H3N2) 4 4 <2 <2 <2
A/SRTN/23/11 (A/Perth/16/2009(H3N2)-like virus) 4 4 4 <2 <2
B/TAK/42/11 (B/Brisbane/60/2008-like virus) 8 4 2 neg <2
Sendai virus, ATCC strain 52 (Fushimi) 8 8 8 8 8

a Virus mixed with lysate of HB2151 E. coli before adding the MDCK cells.
b Virus mixed with irrelevant HuScFv (specific to puffer tetrodotoxin) before adding to MDCK cells; neg, negative result or no visible agglutination of the red blood cells; <2,

there were some agglutination of erythrocytes but the agglutination was not complete.

Fig. 3. Results of cell-ELISA for determining the amounts of NS1 and M2 proteins of influenza A viruses and Sendai virus in MDCK cells infected with the viruses that had been
exposed to NS1 specific-HuScFv of clone nos. 3, 10 and 11, irrelevant HuScFv and negative HuScFv control. (A–H), cells infected with A/duck/Thailand-Nong-Khai/KU-56/2007
(H5N1), A/dog/Thailand-Suphanburi/KU-08/2004 (H5N1), A/swine/Iowa-15/30 (H1N1), A/Thailand/CU-67/2006 (H1N1), A/CTB/32/11 (H1N1) which is A/California/7/2009
(H1N1)-like virus, A/swine/Thailand/KU-21/2004 (H3N2), A/SRTN/23/11 (H3N2) which is A/Perth/16/2009 (H1N1)-like virus and Sendai virus (ATCC strain 52, Fushimi),
respectively. �, significantly different from negative ScFv and irrelevant HuScFv controls at p < 0.01. #, different from negative HuScFv control (p < 0.01) but not different from
irrelevant HuScFv (p > 0.05).
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exposed to lysate of pET32c+ transformed BL21 (DE3) E. coli
(negative HuScFv control) grown in HuScFv deprived medium.
Much less NS1 protein (green fluorescence) could be detected
in the cells exposed to the NS1-specific HuScFv than in the
control cells.
3.4. NS1 specific-HuScFv, native NS1 and lipid raft in the influenza
virus infected cells

Results of the sectional laser confocal microscopic experiments
for locating the NS1 specific-HuScFv (green), native NS1 (red) and



Fig. 3 (continued)

Fig. 4. The results of comparative real-time PCR showing fold decrease of mRNAs
coding for HA and NA of influenza B virus (B/TAK/42/11 and N protein of Sendai
virus (SeV) in MDCK cells infected with the viruses and that had been exposed to
the HuScFv of clone nos. 3, 10 and 11 and irrelevant HuScFv compared with
negative antibody (E. coli lysate) control. �, different from HuScFv clone no. 3 and
irrelevant HuScFv (p < 0.05).
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lipid raft (blue) in MDCK cells infected with A/duck/Thailand-
Nong-Khai/KU-56/2007(H5N1) that had been exposed to the HuS-
cFv of clone no. 10 and grown in the HuScFv-supplemented med-
ium for 4 h are shown in Fig. 6. The HuScFv could be seen
intracellularly at different 2.4 lm sectional layers of the cells indi-
cating that the small antibody fragments could enter the influenza
virus infected cells.
3.5. Phage mimotopes and NS1 epitopes that bound to the HuScFv

The 12 amino acid sequences deduced from the genomes of the
respective peptide display phage clones that bound to the HuScFv
were aligned with the NS1 amino acid sequence of the F-NS1 of the
A/duck/Thailand/144/2005 in order to locate the residues of the
NS1 protein that could interact with the HuScFv. The Kalign pro-
gram predicted that the phage mimotopes derived from panning
with the HuScFv of clone no. 3 bound to residues 7–18 in the
RNA binding (R) domain of the NS1 protein (Fig. 7A). The amino
acid residues 75–90 and 179–190 of the E domain were predicted
as the binding sites of the HuScFv of clone nos. 10 and 11, respec-
tively (Fig. 7B and C).

3.6. Interface binding of the HuScFv to the NS1 protein

The structures with the highest bit scores were used as tem-
plates for homology modeling. For the NS1 template, the crystal
structure of the influenza A, NS1A, protein which formed complex
with the F2F3 fragments of the human cellular factor, CPSF30 (PDB
ID: 2RHK) was used as the template. PDB ID: 2GHW and 1NQB
were used as the templates of HuScFv of clone nos. 3 and 10 and
clone no. 11, respectively. All modeled structures were subjected
to the Ramachandran plot assessments. The results of the plots
indicated that all structures were appropriate for use in the molec-
ular docking analysis (data not shown).

The docked poses of the modeled NS1 and HuScFv were demon-
strated in the forms of the binding residues and the binding energy.
The predicted interactive residues between the NS1 and the



Fig. 5. Results of confocal microscopy for detecting native NS1 in MDCK cells infected with influenza viruses that had been exposed to NS1 specific-HuScFv compared with
the infected cells exposed to negative HuScFv control. (A) MDCK cells infected with A/duck/Thailand-Nong-Khai/KU-56/2007(H5N1). (B) MDCK cells infected with A/swine/
Iowa-15/30(H1N1). (C) Uninfected MDCK cells. NS1 (green fluorescence) are abundant in the control cells that were infected with the viruses exposed to negative HuScFv
control and grown in the medium containing diluted lysate of E. coli that could not produce HuScFv (upper panels of A and B). The fluoresced-NS1 amounts were much
reduced in the cells infected with the same viruses that had been exposed to the NS1 specific-HuScFv of clone no. 10 (representative) and grown in the HuScFv containing
medium (lower panels of A and B). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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HuScFv revealed by the computerized molecular docking are indi-
cated by black shades in Fig. 8. The NS1 amino acids were residues
1–190 while the amino acids of HuScFv of clone nos. 3, 10 and 11
were residues 191–441, 191–439 and 191–439, respectively. The
interactive amino acid residues were relatively conformed to the
results of phage mimotope/epitope identification and Western blot
analysis. The binding energy of the complexes between the NS1
protein and the HuScFv of clone nos. 3, 10, and 11 were �9.95,
�22.3, and �20.5 kcal/mol, respectively, implying that the interac-
tions between the ligand and the antibodies occurred spontane-
ously which is the nature of the antigen–antibody reaction.
Supplemental Fig. 5 shows hypothetical models of the binding sites
of the HuScFv (ribbons) of clone nos. 3 (yellow), 10 (pink) and 11
(blue) on the NS1 molecular surface (green surface model).
3.7. Inhibition of HuScFv binding to F-NS1 by phage mimotopes

Results of the ELISA inhibition for determining the ability of
phage mimotopes in inhibiting the HuScFv binding to the F-NS1
are shown in Supplemental Fig. 6. Binding of the HuScFv to the
F-NS1 was inhibited by the HuScFv-phage mimotopes in a dose
dependent manner implying that the NS1 peptides matched with
the phage mimotope sequences were the HuScFv binding sites
which validated the mimotope search and epitope mapping
results.
3.8. NS1-specific HuScFv enhanced expression of IFN-b and IRF3 genes
in virus infected cells

Results of comparative real-time RT-PCR for determination of
expressions of mRNAs of IRF3 and IFN-b coding genes in A549 cells
infected with A/duck/Thailand-Nong-Khai/KU-56/2007 that had
been exposed to HuScFv of clone no. 10, irrelevant HuScFv and neg-
ative HuScFv control are shown in Fig. 9. The fold increase in IRF3
and IFN-b mRNAs of the virus infected cells treated with the NS1
specific HuScFv were higher than treated with BL21 (DE3) lysate
control (14.75 and 4.95 fold, respectively) (p < 0.05). The increase
in IRF3 and IFN-b mRNAs of the virus infected cells treated with
HuScFv and the irrelevant HuScFv were different significantly
(p < 0.05) although the irrelevant HuScFv showed some non-spe-
cific background. The results indicated that the NS1 specific-HuS-
cFv could rescue the infected cells from the NS1 and restored the
cellular innate response.
4. Discussion

In this study, soluble recombinant full length NS1 (F-NS1) of A/
duck/Thailand/2004 (H5N1) was produced. The protein had the
relative molecular mass of �30 and contained 225 amino acids
which conformed to the data reported previously (Suwannakhon
et al., 2008). The recombinant F-NS1 lacked part of the second
NLS2 (located between amino acids 223 and 237) and the whole
nucleolar localization signal (NoLS) which are basic amino acid res-
idues at positions 231 and 232 (Suwannakhon et al., 2008). Never-
theless, the protein retained other features of the highly conserved
NS1 of the avian H5N1 influenza viruses (allele A) including a
stretch of basic amino acids DRLRR at positions 34–38, amino acid
deletions at 80–84 and amino acid change at residue 92 (D92E)
(Suwannakhon et al., 2008). Because of the residue deletions, the
E-domain hydrophobic pocket of the NS1 known to be the site
for binding of the 30-kDa subunit of the cleavage and polyadenyl-
ation specific factor which is important for the 30 end pre-mRNA
processing (Nemeroff et al., 1998; Twu et al., 2007; Xia et al.,
2009) of the F-NS1 is formed by amino acids at different positions
from the human influenza A viruses.

The recombinant F-NS1 was used as antigen in a single round
phage panning for selecting phage clones that bound to the protein
from a previously constructed human ScFv phage display library.
This phage library had been used successfully for selection and
production of HuScFv specific to a variety of molecules (Kulkeaw



Fig. 6. Sectional laser confocal microscopy of A/duck/Thailand-Nong-Khai/KU-56/2007(H5N1) infected MDCK cells incubated with HuScFv specific to NS1 (clone no. 10) or
negative antibody control. (A–D) Four serial 2.4 lm sections showing (from left to right) lipid raft (blue), HuScFv (green), NS1 (red) and merged in the infected cells,
respectively. (E) Non-infected cells incubated with HuScFv of clone no. 10. The results indicate that the HuScFv could enter the virus infected cells. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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et al., 2009; Maneewatch et al., 2009; Indrawattana et al., 2010;
Poungpair et al., 2010; Chulanetra et al., 2012). The single round
phage panning was performed as it is a time saving and economic
procedure compared with the multiple round panning (Than-
ongsaksrikul and Chaicumpa, 2011; Winter et al., 1994). The re-
peated panning may enrich the antigen specific phage clones but
the huscfv genes may be lost from the phagemids in the successive
panning rounds rendering a selection of falsely positive phage
clones (personal observation). The single round procedure was
used effectively for the production of HuScFv specific to many
other influenza virus proteins including polymerases (Thathaisong
et al., 2008), H5 (Maneewatch et al., 2009) and M1 (Poungpair
et al., 2009, 2010) as well as other molecules such as snake venom
(Kulkeaw et al., 2009; Chavanayarn et al., 2012), tetanus and botu-
linum neurotoxins (Indrawattana et al., 2010; Thanongsaksrikul
et al., 2010), tetrodotoxin (Chulanetra et al., 2012) and hepatitis
C virus RNA dependent RNA polymerase (Thueng-in et al., 2012).
By using the F-NS1 as the panning antigen, phage clones displaying
HuScFv that bound specifically to both the RNA binding (R) and the
effector (E) domains could be selected from the one time panning.
The huscfv sequences coding for the HuScFv of the three clones had
different DNA restriction patterns (RFLP) and the deduced amino
acids in their CDRs were also different (data not shown), indicating
primarily that the HuScFv of these clones should have different
epitope specificities. The speculation was partly confirmed by the
results of the Western blot analysis which revealed that the HuS-
cFv of the clone no. 3 bound to the R domain and those of the clone
nos. 10 and 11 bound to the E domain of the NS1 protein.

Influenza viruses produce large amount of the NS1 protein in
the infected host cells. The protein can be found in both nucleus
and cytoplasm (Greenspan et al., 1988). In the nucleus, the protein
has been shown to complex with the cellular CPSF30 and/or PABPII
proteins and inhibited the 30 end processing of the pre-mRNA
resulting in inhibition of the host protein synthesis and enhance-
ment of the viral replication (Noah et al., 2003). In cytoplasm,
NS1 binds to dsRNA and deprived this virus component from host
OAS, RIG-1 and PKR which consequently limits the host anti-viral
immunity. Confocal microscopy revealed that the amounts of the
native NS1 in the MDCK cells infected with the HuScFv exposed-
influenza viruses were reduced markedly. Thus, the reduction of
the virus replication might be due to the HuScFv-mediated inter-
ference of the intracellular NS1 production and functions which
consequently suppressed the virus replication and rescued the host
innate immune apparatus. The different inhibition efficiency of
HuScFv to various strains of viruses might be due to different al-
leles of the NS1 between avian and mammalian viruses. The HuS-
cFv were derived from phage bio-panning with NS1 allele A of
avian H5N1 and they were highly efficient against H5N1 viruses



Fig. 7. Multiple alignments of the HuScFv bound-phage mimotopes with the NS1 sequence by using Kalign program for predicting the NS1 epitopes. (A) Residues 7–18 in the
RNA binding domain of the NS1 protein were predicted as the binding site of HuScFv of clone no. 3. (B) and (C) Residues 75–90 and 179–190 of the E domain were predicted as
binding sites of the HuScFv of clone nos. 10 and 11.
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(homologous subtype) and less efficient to the heterologous
viruses. Nevertheless, significant inhibition was observed for all
influenza viruses tested.

It was found that the HuScFv mediated virus replication inhibi-
tion of the test b (virus was added directly to the cells to allow en-
try before culturing the infected cells in HuScFv supplemented
medium) was not as good as the experiments which the HuScFv
was mixed with the virus and added immediately to cells (test
a). This might be because some of the early entered virus of the test
b produced NS1 and the NS1 could enhance the virus replication
during the first 2 h before the HuScFv could enter the cells and
interfered with the NS1 activities.

Usually, normal mammalian cell membranes are formidable for
intact antibody molecules as well as the single chain antibody var-
iable fragments (ScFv, mol. wt. 25–35 kDa) which are �5 times
smaller than the intact IgG. Thus, antibodies are inaccessible to
the intracellular targets. In this study, however, the HuScFv specific
to the NS1 protein was found inside the influenza virus infected
MDCK cells. It has been known that during several virus infections,
e.g., HIV-1, Dengue virus, influenza virus, plasma membranes of
the infected cells have increased permeability especially at the li-
pid raft areas where the budding of the virus progeny is taking
place (Cloyd and Lynn, 1991; Frolov et al., 2003; Talavera et al.,
2004). This feature together with the presence of the intracellular
target is likely to facilitate and attract the cellular entry of the
HuScFv.

The ELISA inhibition results demonstrated the ability of the
phage mimotopes in blocking the binding of the respective HuScFv
to the F-NS1 which implied that the phage peptides and the NS1
residues which were epitopes of the HuScFv were analogous. The
finding that the mimotope sequence of the HuScFv of the clone
no. 3 matched with the residues 7–18 in the RNA binding domain
of the NS1, not only conformed to the Western blot result, but also
indicated that the HuScFv should be able to bind to the same re-
gion on the native NS1 in the virus infected cells. The R38 and
K41 of the functional NS1 molecule are known to be critical for
binding of the R domain to the virus dsRNA and depriving the tar-
get from the OAS, RIG-1 and PKR (Guo et al., 2007; Min et al., 2007;
Min and Krug, 2006). Although the HuScFv of the clone no. 3 did
not interact directly with the two amino acids, nevertheless, bind-
ing to the residues 7–18 might cause steric hindrance of the dsRNA
binding by the R38 and K41 which in the effect might interfere
with the NS1 mediated suppression of the interferon based-immu-
nity of the host. The residues 81–113 served as the NS1 binding
site to the eIF4GI which causes an enhancement of the viral mRNA
translation (Lin et al., 2007). Binding of the HuScFv of clone no. 10



Fig. 8. Predicted NS1 residues bound by specific HuScFv. (A) HuScFv of clone no. 3 (residues 191–441), (B) HuScFv of clone no. 10 (residues 191–439) and (C) HuScFv of clone
no. 11 (residues 191–439) which bound with the NS1 protein (residues 1–190). Black shades indicate interactive residues.

Fig. 9. Results of comparative real-time RT-PCR for detecting the levels of IRF3 and
IFN-b mRNAs in the A549 cells infected with influenza virus A/duck/Thailand-Nong-
Khai/KU-56/2007 that had been exposed to HuScFv of clone no. 10 or irrelevant
HuScFv compared with the negative HuScFv (E. coli lysate) control. ⁄, different from
infected cells treated with irrelevant HuScFv (p < 0.05).
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to the residues 75–90 of the NS1 E domain should interfere with
the NS1 binding to the eIF4GI which the inhibition of viral replica-
tion was a consequence. The amino acids F103, M106, L144 and
residues 184–188 of NS1 of human influenza viruses, which are
F98, M101, L139 and 179–183 of the F-NS1 of this study, bound
to the CPSF30 which is important for the 30 end pre-mRNA process-
ing. The HuScfv of clone no. 11 interacted with residues 179–190 of
the NS1 protein. Thus the mechanism which the HuScFv of clone
no. 11 inhibited the virus replication should be due to the inability
of the HuScFv-bound NS1 to intervene the host pre-mRNA matura-
tion. The finding that the HuScFv did not reduce the Sendai virus
replication indicated that the activity of the HuScFv are influenza
virus-specific.
Influenza virus infected A549 cells treated with HuScFv had sig-
nificant up-regulation of genes involved in the host innate immune
response, i.e., IRF3 and IFN-b. The HuScFv alone did not have inter-
feron agonistic activity on the mammalian cells (data not shown).
Data indicated that the influenza virus NS1 specific-HuScFv,
through NS1 function interference, could lead not only to the virus
replication inhibition, but also restoration of the host innate im-
mune response.

In conclusion, three different huscfv-phagemid transformed
E. coli clones were selected from a human ScFv phage display li-
brary by means of a single round phage panning using recombi-
nant full length NS1 protein of influenza A virus as the panning
antigen. HuScFv of one E. coli clone bound to the NS1 R domain
important for virus dsRNA binding while HuScFv of the other
two clones bound to E domain at the NS1 sites necessary for host
eIF4GI and CPSF30 interactions. The HuScFv could enter the influ-
enza virus infected cells and interfered with the NS1 activities
leading to restoration of expressions of the host genes involved
in innate immune response and replication inhibition of influenza
A viruses belonging to heterologous subtypes as well as the type B
virus. The fully human single chain antibodies have high potential
for developing further as a safe adjunctive therapeutic agent for
mitigating symptom severity of influenza.
Acknowledgements

The work was supported by the Thailand Research Fund (TRF)
(DPG5380001), Mahidol University and the National Research Uni-
versity (NRU) Project, Office of Higher Education Commission, Min-
istry of Education, Thailand. The human ScFv phage display library



R. Yodsheewan et al. / Antiviral Research 100 (2013) 226–237 237
used in this study is a patented property of the National Research
Council of Thailand (NRCT). The authors thank the Division of Med-
ical Molecular Biology, Department of Research and development,
Faculty of Medicine Siriraj Hospital, for providing confocal micros-
copy facility and the National Nanotechnology Center (NANOTEC),
NSTDA, Thailand for providing the Discovery Studio 2.5 package.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.antiviral.2013.
07.019.

References

Aragon, T., de la Luna, S., Novoa, I., Carrasco, L., Ortin, J., Nieto, A., 2000. Eukaryotic
translation initiation factor 4GI is a cellular target for NS1 protein, a
translational activator of influenza virus. Mol. Cell Biol. 20, 6259–6268.

Bornholdt, Z.A., Prasad, B.V., 2006. X-ray structure of influenza virus NS1 effector
domain. Nat. Struct. Mol. Biol. 13, 559–560.

Bright, R.A., Shay, D.K., Shu, B., Cox, N.J., Klimov, A.I., 2006. Adamantane resistance
among influenza A viruses isolated early during the 2005–2006 influenza
season in the United States. J. Am. Med. Assoc. 295, 891–894.

Burgui, I., Aragon, T., Ortin, J., Nieto, A., 2003. PABP1 and eIF4GI associate with
influenza virus NS1 protein in viral mRNA translation initiation complexes. J.
Gen. Virol. 84, 3263–3274.

Cloyd, M.W., Lynn, W.S., 1991. Perturbation of host–cell membrane is a primary
mechanism of HIV cytopathology. Virology 181, 500–511.

Chen, Z., Li, Y., Krug, R.M., 1999. Influenza A virus NS1 protein targets poly(A)-
binding protein II of the cellular 30-end processing machinery. EMBO J. 18,
2273–2283.

Chavanayarn, C., Thanongsaksrikul, F., Thueng-in, K., Bangphoomi, K., Sookrung, N.,
Chaicumpa, W., 2012. Humanized-single domain antibodies (VH/VHH) that
bound specifically to Naja kaouthia phospholipase A2 and neutralized the
enzymatic activity. Toxins 4, 554–567.

Chulanetra, M., Bangphoomi, K., Sookrung, N., Thanongsaksrikul, J., Srimanote, P.,
Sakolvarvaree, Y., Choowongkomon, K., Chaicumpa, W., 2012. Human ScFv that
block sodium ion channel activity of tetrodotoxin. Toxicon 59, 272–282.

Deyde, V.M., Xu, X., Bright, R.A., Shaw, M., Smith, C.B., Zhang, Y., Shu, Y., Gubareva,
L.V., Cox, N.J., Klimov, A.I., 2007. Surveillance of resistance to amantadane
among influenza A(H3N2) and A(H1N1) viruses isolated worldwide. J. Infect.
Dis. 196, 249–257.

Fernandez-Sesma, A., Marukian, S., Ebersole, B.J., Kaminski, D., Park, M.S., Yuen, T.,
Sealfon, S.C., García-Sastre, A., Moran, T.M., 2006. Influenza virus evades innate
and adaptive immunity via the NS1 protein. J. Virol. 80, 6295–6304.

Frolov, V.A., Dunina-Barkovskaya, A.Y., Samsonov, A.V., Zimmerberg, J., 2003.
Membrane permeability changes at early stages of influenza hemagglutinin-
mediated fusion. Biophys. J. 85, 1725–1733.

Greenspan, D., Palese, P., Krystal, M., 1988. Two nuclear location signals in the
influenza virus NS1 nonstructural protein. J. Virol. 62, 3020–3026.

Guo, Z., Chen, L.M., Zeng, H., Gomez, J.A., Plowden, J., Fujita, T., Katz, J.M., Donis, R.O.,
Sambhara, S., 2007. NS1 protein of influenza A virus inhibits the function of
intracytoplasmic pathogen sensor, RIG-I. Am. J. Respir. Cell Mol. Biol. 36, 263–
269.

Hale, B.G., Jackson, D., Chen, Y.H., Lamb, R.A., Randall, R.E., 2006. Influenza A virus
NS1 protein binds p85b and activates phosphatidylinositol-3-kinase signaling.
Proc. Natl. Acad. Sci. U.S.A. 103, 14194–14199.

Hale, B.G., Batty, I.H., Downes, C.P., Randall, R.E., 2008a. Binding of influenza A virus
NS1 protein to the inter-SH2 domain of p85 suggests a novel mechanism for
phosphoinositide 3-kinase activation. J. Biol. Chem. 283, 1372–1380.

Hale, B.G., Randall, R.E., Ortin, J., Jackson, D., 2008b. The multifunctional NS1 protein
of influenza A viruses. J. Gen. Virol. 89, 2359–2376.

Hurt, A.C., Barr, G., Hartel, G., Hampson, A.W., 2004. Susceptibility of human
influenza viruses from Australasia and South East Asia to the neuraminidase
inhibitors zanamivir and oseltamivir. Antiviral Res. 62, 37–45.

Hurt, A.C., Iannello, P., Jachno, K., Komadina, N., Hampson, A.W., Barr, I.G., McKimm-
Breschkin, J.L., 2006. Neuraminidase inhibitor-resistant and -sensitive influenza
B viruses isolated from an untreated human patient. Antimicrob. Agents
Chemother. 50, 1784–1872.

Indrawattana, N., Sookrung, N., Kulkeaw, K., Seesuay, W., Kongngoen, T., Chongsa-
nguan, M., Tungtrongchitr, A., Chaicumpa, W., 2010. Human monoclonal ScFv
that inhibits cellular entry and metalloprotease activity of tetanus neurotoxin.
Asian Pac. J. Allergy Immunol. 28, 85–93.

Kim, S.H., Samal, S.K., 2010. Inhibition of host innate immune responses and
pathogenicity of recombinant Newcastle disease viruses expressing
recombinant NS1 genes of influenza viruses. J. Gen. Virol. 91, 1996–2001.

Kulkeaw, K., Sakolvaree, Y., Srimanote, P., Tongtawe, P., Maneewatch, S., Sookrung,
N., Tungtrongchitr, A., Tapchaisri, P., Kurazono, H., Chaicumpa, W., 2009. Human
monoclonal ScFv neutralize lethal Thai cobra, Naja kouathia, neurotoxin. J.
Proteomics 72, 270–282.

Lin, D., Lan, J., Zhang, Z., 2007. Structure and function of the NS1 protein of influenza
A virus. Acta Biochim. Biophys. Sin. (Shanghai) 39, 155–162.

Maneewatch, S., Thanongsaksrikul, J., Songserm, T., Thueng-in, K., Kulkeaw, K.,
Thathaisong, U., Srimanote, P., Tongtawe, P., Tapchaisri, P., Chaicumpa, W.,
2009. Human single chain antibodies that neutralize homologous and
heterologous strains and clades of influenza A virus subtype H5N1. Antiviral
Ther. 14, 221–230.

McKimm-Breschkin, J.L., 2000. Resistance of influenza viruses to neuraminidase
inhibitors-a review. Antiviral Res. 47, 1–17.

Min, J.Y., Krug, R.M., 2006. The primary function of RNA binding by the influenza A
virus NS1 protein in infected cells: inhibiting the 20–50 oligo (A) synthetase/
RNase L pathway. Proc. Natl. Acad. Sci. U.S.A. 103, 7100–7105.

Min, J.Y., Li, S., Sen, G.C., Krug, R.M., 2007. A site on the influenza A virus NS1 protein
mediates both inhibition of PKR activation and temporal regulation of viral RNA
synthesis. Virology 363, 236–243.

Nemeroff, M.E., Barabino, S.M., Li, Y., Keller, W., Krug, R.M., 1998. Influenza virus
NS1 protein interacts with the cellular 30 kDa subunit of CPSF and inhibits 39
end formation of cellular pre-mRNAs. Mol. Cell 1, 991–1000.

Noah, D.L., Twu, K.Y., Krug, R.M., 2003. Cellular antiviral responses against influenza
A virus are countered at the posttranscriptional level by the viral NS1A protein
via its binding to a cellular protein required for the 30 end processing of cellular
pre-mRNAs. Virology 307, 386–395.

Ong, L., Chan, G., 2012. Mini review: a glimpse of nonstructural protein 1 of
influenza A H1N1. Insight Pathol. 1, 1–6.

Palese, P., Shaw, M.L., 2007. Orthomyxoviridae: the viruses and their replication. In:
Knipe, D.M., Howley, P.M. (Eds.), Fields Virology, fifth ed. Lippincott Williams &
Wilkins, Philadelphia, pp. 1647–1689.

Poungpair, O., Chaicumpa, W., Kulkeaw, K., Maneewatch, S., Thueng-in, K.,
Srimanote, P., Tongtawe, P., Songserm, T., Lekcharoensuk, P., Chaicumpa, W.,
2009. Human single chain monoclonal antibody that recognizes matrix protein
of heterologous influenza A virus subtypes. J. Virol. Methods 159, 105–111.

Poungpair, O., Pootong, A., Maneewach, S., Srimanote, P., Tongtawe, P., Songserm, T.,
Tapchaisri, P., Chaicumpa, W., 2010. A human single chain transbody specific to
matrix protein (M1) interferes with the replication of influenza A virus.
Bioconjugate Chem. 21, 1134–1141.

Renaud, C., Kuypers, J., Englund, J.A., 2011. Emerging oseltamivir resistance in
seasonal and pandemic influenza A/H1N1. J. Clin. Virol. 52, 70–78.

Silverman, R.H., 2007. Viral encounters with 2’,5’-oligoadenylate synthetase and
RNase L during the interferon antiviral response. J. Virol. 81, 12720–12729.

Sookrung, N., Kamlanghan, T., Indrawattana, N., Tungtrongchitr, A., Tantilipikorn, P.,
Bunnag, C., Pattanapanyasat, K., Chaicumpa, W., 2011. Quantification of Der f 1
in houses of patients allergic to house dust mite, Dermatophagoides farinae,
using a locally produced detection reagents. Asian Pac. J. Allergy Immunol. 29,
78–85.

Suarez, D.L., Perdue, M.L., 1998. Multiple alignment comparison of the non-
structural genes of influenza A viruses. Virus Res. 54, 59–69.

Suwannakhon, N., Pookorn, S., Sanguansermsri, D., Chamnanpood, C.,
Chamnanpood, P., Wongwilairat, R., Pongcharoen, S., Niumsup, P.R.,
Kunthalert, D., Sanguansermsri, P., 2008. Genetic characterization of
nonstructural genes of H5N1 avian influenza viruses isolated in Thailand in
2004–2005. Southeast Asian J. Trop. Med. Public Health 39, 837–847.

Tang, J.W., Ngai, K.L.K., Wong, J.C.L., Lam, W.Y., Chan, P.K.S., 2008. Emergence of
amantadane-resistant influenza A(H3N2) viruses in Hong Kong between 1997–
2006. J. Med. Virol. 80, 895–901.

Talavera, D., Castillo, A.M., Dominguez, M.C., Gutierrez, A.E., Meza, I., 2004. IL8
release, tight junction and cytoskeleton dynamic reorganization conducive to
permeability increase are induced by dengue virus infection of microvascular
endothelial monolayers. J. Gen. Virol. 85, 1801–1813.

Thanongsaksrikul, J., Srimanote, P., Maneewatch, S., Choowongkomon, K.,
Tapchaisri, P., Makino, S., Kurazono, H., Chaicumpa, W., 2010. A VHH that
neutralizes the zinc metalloproteinase activity of botulinum neurotoxin type A.
J. Biol. Chem. 285, 9657–9666.

Thanongsaksrikul, J., Chaicumpa, W., 2011. Botulinum neurotoxins and botulism: a
novel therapeutic approach. Toxins (Basel) 3, 469–488.

Thathaisong, U., Maneewatch, S., Kulkeaw, K., Thueng-In, K., Poungpair, O.,
Srimanote, P., Songserm, T., Tongtawe, P., Tapchaisri, P., Chaicumpa, W., 2008.
Human monoclonal single chain antibodies (HuScFv) that bind to the
polymerase proteins of influenza A virus. Asian Pac. J. Allergy Immunol. 26,
23–35.

Thueng-in, K., Thanongsaksrikul, J., Srimanote, P., Bangphoomi, K., Poungpair, O.,
Maneewatch, S., Choowongkomon, K., Chaicumpa, W., 2012. Cell penetrable
humanized-VH/VHH that inhibit RNA dependent RNA polymerase (NS5B) of
HCV. PLoS One 7, e49254.

Twu, K.Y., Kuo, R.L., Marklund, J., Krug, R.M., 2007. The H5N1 influenza virus NS
genes selected after 1998 enhance virus replication in mammalian cells. J. Virol.
81, 8112–8121.

Winter, G., Griffiths, A.D., Hawkins, R.E., Hoogenboom, H.R., 1994. Making
antibodies by phage display technology. Annu. Rev. Immunol. 12, 433–455.

Xia, S., Monzingo, A.F., Robertus, J.D., 2009. Structure of NS1A effector domain from
the influenza A/Udorn/72 virus. Acta Crystallogr. D Biol. Crystallogr. 65, 11–17.

http://dx.doi.org/10.1016/j.antiviral.2013.07.019
http://dx.doi.org/10.1016/j.antiviral.2013.07.019
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0005
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0005
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0005
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0010
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0010
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0015
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0015
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0015
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0020
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0020
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0020
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0025
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0025
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0030
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0030
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0030
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0030
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0035
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0035
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0035
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0035
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0035
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0040
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0040
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0040
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0045
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0045
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0045
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0045
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0050
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0050
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0050
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0055
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0055
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0055
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0060
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0060
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0065
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0065
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0065
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0065
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0070
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0070
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0070
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0075
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0075
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0075
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0080
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0080
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0085
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0085
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0085
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0090
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0090
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0090
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0090
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0095
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0095
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0095
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0095
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0100
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0100
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0100
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0105
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0105
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0105
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0105
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0110
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0110
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0120
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0120
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0120
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0120
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0120
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0125
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0125
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0130
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0130
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0130
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0130
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0130
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0135
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0135
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0135
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0140
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0140
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0140
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0145
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0145
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0145
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0145
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0145
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0150
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0150
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0155
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0155
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0155
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0160
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0160
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0160
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0160
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0165
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0165
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0165
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0165
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0175
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0175
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0180
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0180
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0185
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0185
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0185
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0185
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0185
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0190
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0190
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0195
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0195
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0195
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0195
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0195
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0200
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0200
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0200
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0205
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0205
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0205
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0205
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0210
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0210
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0210
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0210
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0210
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0215
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0215
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0220
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0220
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0220
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0220
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0220
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0225
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0225
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0225
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0225
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0230
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0230
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0230
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0235
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0235
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0240
http://refhub.elsevier.com/S0166-3542(13)00206-4/h0240

	Human monoclonal ScFv specific to NS1 protein inhibits replication of influenza viruses across types and subtypes
	1 Introduction
	2 Materials and methods
	2.1 Viruses
	2.2 Production of recombinant NS1 proteins
	2.3 Selection of phage clones that bound to recombinant NS1 and production of HuScFv
	2.4 ELISAs
	2.5 Western blot analysis for determining NS1 domain bound by HuScFv
	2.6 Virus neutralization tests
	2.7 Hemagglutination assay and cell ELISA
	2.8 Comparative real-time RT-PCR
	2.9 Effect of HuScFv on NS1 production by influenza virus
	2.10 Detection of HuScFv, native NS1 and lipid raft in the influenza virus infected cells
	2.11 Phage peptides (mimotopes) that bound to NS1 specific-HuScFv and NS1 residues bound by the HuScFv
	2.12 Homology modeling and molecular docking for determining the interface binding of the HuScFv to the NS1 protein
	2.13 ELISA inhibition for verification of the phage mimotopes
	2.14 Effect of NS1 specific-HuScFv on virus infected cells
	2.15 Statistical analysis

	3 Results
	3.1 Production of NS1 specific HuScFv and their characteristics
	3.2 NS1 specific-HuScFv inhibited influenza virus replication in the infected MDCK cells
	3.3 Effects of HuScFv on native NS1 production in the influenza virus infected cells
	3.4 NS1 specific-HuScFv, native NS1 and lipid raft in the influenza virus infected cells
	3.5 Phage mimotopes and NS1 epitopes that bound to the HuScFv
	3.6 Interface binding of the HuScFv to the NS1 protein
	3.7 Inhibition of HuScFv binding to F-NS1 by phage mimotopes
	3.8 NS1-specific HuScFv enhanced expression of I

	4 Discussion
	Acknowledgements
	Appendix A Supplementary data
	References


