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Abstract

We developed a human intracellular antibody based on the M1 protein from avian influenza
virus H5N1 (A/meerkat/Shanghai/SH-1/2012) and then characterized the properties of this
antibody. The M1 protein sequence was amplified by RT-PCR using the cDNA of the H5N1
virus as a template, expressed in bacterial expression system BL21 (DE3) and purified. A
human strain, high affinity, and single chain antibody (HuScFv) against M1 protein was
obtained by phage antibody library screening using M1 as an antigen. A recombinant TAT-
HuScFv protein was expressed by fusion with the TAT protein transduction domain (PTD)
gene of HIV to prepare a human intracellular antibody against avian influenza virus. Further
analysis demonstrated that TAT-HuScFv could inhibit the hemagglutination activity of the
300 TCIDso H1N1 virus, thus providing preliminary validation of the universality of the anti-
body. After two rounds of M1 protein decomposition, the TAT-HuScFv antigen binding site
was identified as Alanine (A) at position 239. Collectively, our data describe a recombinant
antibody with high binding activity against the conserved sequences of avian influenza
viruses. This intracellular recombinant antibody blocked the M1 protein that infected intra-
cellular viruses, thus inhibiting the replication and reproduction of HSN1 viruses.

Introduction

The H5N1 virus is a highly pathogenic type A avian influenza that can cause systemic or respi-
ratory disease in humans [1]. However, H5N1 is mainly transmitted among birds, and the
infection can cause high mortality. The highly pathogenic H5N1 avian influenza virus has
infected more than 500 million poultry worldwide since human infection with the H5N1 sub-
type was first reported in Hong Kong, China, in 1997 [2]. Subsequently, human infections
have emerged in Asia, Europe, and Africa, consequently leading to significant public health
concerns [3]. According to the antigenic characteristics of the virus and its genetic characteris-
tics, influenza viruses are divided into three types: A, B, and C. Influenza A viruses are divided
into many subtypes according to different antigens of hemagglutinin HA and neuraminidase
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NA. HA can be divided into 16 subtypes (H1-H16), and NA has 9 subtypes (N1-N9) [4]. The
combination of different subtypes of HA and NA is responsible for the significant diversity of
avian influenza viruses.

The influenza virus matrix protein is encoded by viral RNA fragment 7, which contains two
open reading frames and therefore can be transcribed into two mRNAs and then translated
into M1 and M2 proteins, respectively [5]. The M1 protein, with a molecular weight of approx-
imately 26 kDa, is found extensively in virions, and its sequence is highly conserved. Based on
these characteristics, M1 has been used as the basis for classifying influenza viruses into types
A, B, and C. M1 protein is expressed in the late stages of viral replication and is concentrated
in discrete cell lacunae [6]. A small amount of M1 protein translocates to the nucleus during
the late stages of viral infection and helps to inhibit viral transcription. Thereafter, M1 interacts
with the NEP (NS2 protein) tail encoded by viral RNA fragment 8 to export vVRNP from the
nucleus to the cytoplasm [7, 8], thus triggering the budding process and the release of virions.
M1 and RNA fragments that encode M1 are the most attractive target sites for antibody drugs,
gene silencing, and drug therapy [9, 10].

In this study, a single-chain antibody with high affinity was screened using a phage anti-
body library, Tomlinson I+], based on the M1 protein of the H5N1 virus as a target. In view of
the transduction properties of protein transduction domain (PTD)-mediated protein across
the cell membrane, the PTD of HIV was used to link to the single-chain antibody molecules
[11-13]. Following the expression of this segment as a fusion protein with HuScFv, the
TAT-HuScFv was efficiently translated into virus-infected cells and bound specifically to the
intracellular M1 protein to prevent the assembly and release of the influenza virus. These spe-
cific characters of the fusion protein indicate that this humanized single-chain Ab can be used
for anti-viral therapy in the future.

Materials and methods
Vectors, bacterial strains, helper phage, and libraries

The cloning and expression vector pET-Sumo, E. coli strain BL21 (DE3) and SUMO enzyme were
purchased from Invitrogen Biotechnology Co. (CA, USA). The pET28a-TAT-GFP vector was
constructed previously by our research group [14]. A Tomlinson (I+]) phage antibody library, E.
coli strains (TG, HB2151), and helper phage (KM13) were obtained from the Medical Research
Council in Cambridge, UK. Goat anti-mouse IgG labeled horseradish peroxidase (HRP) antibody
and anti-HIS6 labeled antibody were purchased from Abbot Trading Co., Ltd (Shanghai, China).
The Protein A-HPR antibody was purchased from Abcam Co. (Cambridge, England). SP Sephar-
ose 4 FF, Chelated Sepharose 4 FF, rProtein-A Sepharose 4 FF, and AKTA Prime chromato-
graphs, were purchased from GE Healthcare (Fairfield, CT, USA). Stocks of H5N1 (A/Meerkat/
Shanghai/SH-1/2012) and HIN1 (A/Changchun/01/2009) viruses are held in ourinstitute.

Expression and purification of H5N1-M1 protein

The cDNA sequence of the M1 protein for H5N1 virus was identified in the NCBI library; this
sequence was then used as a template for primer design: forward: 5'~ATG AGT CTT CTA
ACC GAG GTC-3'and reverse: 5-CCG GAA TTC TTA CTT GAA TCG CTG CAT CTG
CAC T-3'. The M1 gene was amplified using H5N1 (A/Meerkat/Shanghai/SH-1/2012) cDNA
as a template. The PCR reaction conditions were as follows: 94°C denaturation for 5 min,
94°C for 50 s, 50°C for 50 s, 72°C for 50 s (for 34 cycles) followed by 72°C 10 min. The amplifi-
cation products were separated by gel electrophoresis and then ligated into the PET-SUMO
vector with T4 ligase. The vector was sequenced and then transformed into BL21 (DE3) com-
petent cells.
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After IPTG induced thallus expression and ultrasonic lysis, the supernatant was taken and
precipitated with 20%-45% ammonium sulfate. After centrifugation, the protein was precipi-
tated in 20 mM PB buffer solutions (pH 7.0) and then purified by SP Sepharose 4 FF chroma-
tography. Linear elution of PB containing 0.5 M NaCl was then performed to collect the target
protein. Nest, Cu** metal chelation chromatography was performed, with imidazole at 50 mM
eluting the hybrid protein and imidazole at 150 mM eluting the target protein. The target pro-
tein was collected and diluted with 20 mM PB buffers (pH 7.0) to an imidazole concentration
of 50 mM. SUMO protease was added and digested for 2 h at 30°C. The product was then
digested by Cu** metal chelation chromatography, and the absorption peak transmission solu-
tion without specific binding was collected. The product was then concentrated with SP-FF to
obtain the purified M1 protein.

Biopanning of a phage display library and selection by M1 specificity

The phage antibody library was prepared in accordance with the manufacturer’s instructions
and then screened with the purified M1 protein as an antigen. During this process, the M1
protein was coated in 96-well plates (Nunc-Nalgene, USA) at a concentration of 5 ug/ well and
then incubated at 4°C overnight. The next day, the supernatant was discarded and washed
three times with PBS to remove the non-adsorbed antigen. Non-specific binding was blocked
with 200 pL of 2% milk/PBS at 37°C for 2 h. After discarding the sealing solution, the wells
were washed three times with PBS, and the liquid was removed by vigorous shaking. Nest, we
added Tomlison I+] phage antibody library (100 uL/well) at a titer of 1.0x10"* and incubated
for 60 min at room temperature with vigorous shaking. After standing for 60 min, the liquid
was discarded, and the wells were washed 10 times with PBS (0.05% (V/V) Tween-20). The
residual liquid in each well was patted dry and 50uL of eluting solution (5 mg/mL trypsin-
PBS) was added to each well. The plates were then shaken at room temperature for 15 min to
eluate the phages, which were then stored at 4°C. The eluted phage was cloned into E. coli TG1
and further panning was performed. The second, third, and fourth rounds of panning were
performed under similar conditions, except that the concentration of the antigen coating was
reduced to 2 pug/well. Unbound phages were removed by 20, 30, and 40 washes with PBS
(0.05% (V/V) Tween-20).

Next, 2% milk/PBS (100uL/well) was added to the plate, and the plate was kept overnight at
4°. Nonspecific binding was then blocked with 2% BSA/PBS for 2 h and the phage antibody
from the fourth round of screening was added. After incubation at room temperature for 1 h,
the supernatant was collected to remove the phages that had been specifically adsorbed to the
milk powder in the antibody library; the collected phages were then stored at 4°C.

Expression of positive clones and ELISA analysis for M1 protein

After four rounds of screening, 10 pL of phages were added to 200 pL of fresh E. coli HB 2151
and left for 30 min in a water bath at 37°C. Then, 50 pL was applied to a TYE (15 g bacto-agar,
8 g NaCl, 10 g tryptone, 100 g ampicillin, 10 g glucose, 5 g yeast extract in 1 L) plate and cul-
tured overnight at 37°C. Once grown on the plate, single colonies were randomly selected and
placed on a 96-well culture plate; each well contained 100 pL of 2xTY (30 g bacto-agar, 16 g
Nacl, 20 g tryptone, 100 g ampicillin, 10 g glucose, 10 g yeast extract in 1 L) medium and cul-
tured overnight at 37°C. The next day, approximately 2 uL of bacterial solution from each well
was placed in another 96-well cell plate (the remaining solution was added to glycerol at a final
concentration of 15% and stored at -70°C). The new cell plate contained 200 pL of 2xTY
medium (containing 100 pg/mL Amp and 0.1% glucose) from each well and cultured at 37°C
to an ODgg of 0.9 (after approximately 4 h of culture). Isopropyl B-D-Thiogalactoside (IPTG)
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at a final concentration of 1 mmol/L was added to each well and cultured overnight on a 30°C
shaker. After overnight culture, the bacterial solution was centrifuged at 1800 x g for 15 min;
the supernatant was then transferred to a new plate and stored at 4°C to await testing.

M1 protein (2 pg, 100 uL/well) was added to 96-well plates and incubated overnight at
4°C. The next day, the plates were washed three times (3 min each time) with wash solution
(0.05% PBS (V/V) and Tween-20). Next, 200 uL of 2% milk/PBS was added to each well and
incubated at 37°C for 1 h. Then, 100 pL of HB2151-induced supernatant was used as a nega-
tive control; this was added to each well and incubated at 37°C for 1 h. Next, the enzyme
label plate was washed three times (for 3 min each time) and the excess liquid was patted
dry. Next, 100 pL (1:500) of Protein A-HRP was added to each well and incubated at 37°C
for 1 h. Washing was carried out three more times (3 min each time) and excess liquid was
patted dry. o-Phenylenediamine (OPD) solution (100 pL) was then added to each well and
incubated at room temperature in the light for 20 min. Finally, 2 mol/L of sulfuric acid
(50 uL) was added to each well to stop the reaction and the OD 94 absorption value was
determined.

Sequence determination of selected phage clones and the expression &
purification of HuScFv

The M1-positive binding phage in the monoclonal ELISA was used as a template, and vector
specific primers (LMB3: 5'-CAG GAA ACA GCT ATG AC-3'; PHEN: 5'-CTA TGC GGC
CCC ATT CA-3') were used to amplify the HuScFv gene fragment. The obtained amplifica-
tion products were subsequently detected by 1% agarose gel electrophoresis. The PCR amplifi-
cation conditions were as follows: pre-denaturation at 94°C for 5 min, 94°C for 50 s, 54°C for
50, 72°C for 120 s (35 cycles) and a final extension at 72°C for 10 min. The target DNA frag-
ment was then recovered and sequenced by Kumei Biological Engineering Co. (China).

ELISA-positive strains were transferred to 5 mL of 2x TY medium containing 100 ug/mL
Amp and 1% glucose and cultured overnight at 37°C. The next day, 200 pL of overnight cul-
ture was transferred to 2x TY medium (containing 100 pg/mL Amp and 0.1% glucose) and
cultured at 37°C to an ODgg 0of 0.9 (approximately 4 h). A final concentration of 1 mmol/L of
IPTG was added for overnight induction on a shaking table at a 30°C. On the third day, the
induced bacterial solution was centrifuged at 5000 x g (Beckman, USA) for 30 min; the super-
natant was removed and precipitated with 10%-55% saturated ammonium sulfate. The precip-
itated solution was then resuspended with 30 mmol/L of PB (pH?7.2) and dialysis was
performed in PBS overnight. The crude samples were then purified by Protein-A FF affinity
chromatography; eluted samples were dialyzed with PBS overnight. The target protein was
finally analyzed by 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE).

Western blotting & immunoaffinity analysis with HuScFv

The purified M1 protein was separated by 12% SDS-PAGE and transferred to a nitrocellulose
membrane using a protein electrophoresis transfer device (BIO-RAD) at 45 V for 35 min.
Membranes were then probed with HuScFv as a primary antibody and Protein A-HRP as a
secondary antibody (diluted with 1:2000 PBS). DAB was used as a color reagent to detect the
immunobinding activity of the antibody. The binding ability of HuScFv to M1 was determined
by a non-competitive ELISA method. Different concentrations of the M1 protein antigen were
coated with skimmed milk powder for 1 h, and different dilutions of HuScFv were added.
Then, protein A-HRP and OPD color solution were added; 2 M of sulfuric acid was used as a
termination solution, and the absorbance was measured at 490 nm wavelength. Affinity
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constants were calculated using the formula Ka = (n — 1)/2(nAb’ — Ab). IgBLAST (a tool for
immunoglobulin (IG) and T cell receptor (TR) V domain sequences, NCBI) was used to ana-
lyze the nucleotide sequences of clones with the highest immune affinity constant to determine
the HuScFv framework and complementary determination region (CDR).

Expression and purification of TAT-HuScFv

Forward (5’ -GTG AAT TCA TAA TGA AAT ACC TAT TGC CT-3')and reverse

(5" -GCA AGC TTC TAT GCG GCC CCA TTC AG-3')sequences were introduced into
EcoR I and Hind III sites, respectively. A HuScFv plasmid with a high immunoaffinity
constant was extracted and used as a template for PCR. The PCR reaction conditions
were as follows: pre-denaturation at 94°C for 5 min, then 34 cycles of 94°C for 50's, 50°C
for 50 s, and 72° for 10 min; this was followed by a final extension at 72°C for 10 min and
cooling at 4°C. Amplification products were recovered by gel electrophoresis. The ampli-
fication products and the vector (pET28a-TAT-GFP) were extracted by the double diges-
tion of EcoR I and Hind III, respectively; the amplification product was then ligated with
T4 ligase and transformed into competent E. coli DH50.. Positive clones were then identi-
tied by PCR.

The pET28A-TAT-HuScFv construct was then transformed into chemically competent
BL21(DE3) cells. A single colony was selected and inoculated into LB liquid medium (contain-
ing 50 pg/mL Kan) at 37°C and 180 rpm until the ODgo was approximately 0.5. IPTG was
added to a final concentration of 1 mmol/L and induction was carried out over a culture
period of 4 h. The induced bacterial culture was centrifuged at 4°C at 5000 x g for 20 min, and
the bacteria were collected. The bacteria were suspended with TE (pH 8.0) buffer solution and
ultrasonically crushed in an ice bath (power: 1500 W; working time: 5 s; interval time: 9 s; 50
times in total). Microscopic examination confirmed that the bacteria had been completely bro-
ken down. Centrifugation was carried out at 12,000 g; samples of supernatant and precipitate
were then separated by 12% SDS-PAGE.

The cells expressing TAT-HuScFv and the supernatant were obtained post-lysis. The lysate
was then centrifuged and purified using a metal chelated Cu®" column with a buffer system of
PBS (pH 7.2). The target protein was then eluted with 200 mM imidazole. The eluent was then
purified on a rProteinA FF column. Finally, eluted samples were dialyzed into PBS.

Hemagglutination inhibition analysis of anti-M1-HuScFv and
TAT-HuScFv

Digested MDCK cells were placed in a 96-well cell culture plate (3x10* cells/well), and the
cells grown into a single layer to be absorbed into the medium. The cells were washed three
times with DMEM, and A/Changchun/01/2009 HIN1 was added to each well at different
concentrations (PBS was added to the negative control well). The cells were incubated at
37°C for 3.5 h, and the extracellular fluid was discarded. Cells were washed twice with PBS;
purified HuScFv and TAT-HuScFv (10 pg/well; the positive control included PBS only)
were then added and incubated at 37°C for 1.5 h. The supernatant of cells was then dis-
carded and DMEM (containing 1% FBS) was added to each well and cultured overnight at
37°C with 5% CO,. The next day, the hemagglutination inhibition test was performed with
the overnight culture supernatant. The supernatant was added to the reaction plate (50 uL/
well), along with fresh 0.85% chicken red blood cell suspension (50 puL/well), and incubated
at room temperature for 30 min; the results of the test were observed by the upright reac-
tion plate.
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Table 1. Polypeptide sequence of the M1 protein.

Number
1

O |0 ([N QN U W N

—_
(=}

https://doi.org/10.1371/journal.pone.0266220.t001

Peptide sequence based on M1 protein
N-MSLLTEVETYVLSIIPSGPLKAEIA-C
N-QKLEDVFAGKNTDLEALMEWLKTRP-C
N-ILSPLTKGILGFVFTLTVPSERGLQ-C
N-RRREVQONALNGNGDPNNMDRAVKLY-C
N-KKLKREITFHGAKEVALSYSTGALA-C
N-SCMGLIYNRMGTVTTEVAFGLVCAT-C
N-CEQIADSQHRSHRQMATITNPLIRH-C
N-ENRMVLASTTAKAMEQMAGSSEQAA-C
N-EAMEVANQARQMVQAMRTIGTHPNS-C

N-SAGLRDNLLENLQAYQKRMGVQMQORF-C

TAT-HuScFv bound to amino acid sites of M1 protein epitopes

The M1 protein was sequenced and then decomposed in order from the N-terminal to the C-
terminal to synthesize 10 polypeptides (Table 1). Positive fragments were detected by the sand-
wich ELISA method, as described earlier. The polypeptides were used to coat 96-well plates,
using TAT-HuScFv as the first antibody, and protein A-HRP as the second antibody. Then 3,
3/, 5, 5'- Tetramethylbenzidine (TMB) was added to visualize positive binding. Once colora-
tion had developed, the reaction was terminated and the OD450nm was measured. The posi-
tive fragment was determined according to the value of the specific negative control. The
positive fragments were decomposed into peptides according to the overlapping sequences of
four amino acids and then detected by sandwich ELISA. Positive results were analyzed and
positive fragments were synthesized into peptides; these were tested again by sandwich ELISA
until the amino acid sites that bound to TAT-HuScFv were identified.

Results
Preparation of the H5N1-M1 protein

The M1 protein (H5N1, A/Meerkat/Shanghai/SH-1/2012) gene was successfully amplified and
cloned into the pET-Sumo-TAT vector. PCR identification revealed a target band at 750 bp
(Fig 1A). Sequencing results showed that the sequence encoding the M1 protein had been
cloned into the vector in the correct reading frame. The expression vector was transformed
into E. coli BL21 (DE3) and induced with IPTG (at a final concentration of | mmol/L). The tar-
get protein (purity>95%) (Fig 1B) was successfully purified and was 30 KDa in size.

The use of a phage display library to identify HuScFv specific to M1 H5N1

Using purified M1 protein as an antigen and the Tomlinson (I+]) phage antibody library, we
identified four strains of anti-M1 protein HuScFv by four rounds of biopanning (1C, 7B, 3F,
and 4G). The PCR method was used to determine whether the positive strains with biological
activity had been detected successfully and specific fragments of 930 bp were amplified from
the four positive strains (Fig 2A).

Western blotting was performed for the ELISA-positive strains and M1 protein. Analysis
showed that 3F and 7B had strong binding ability on the M1 protein and that the stain location
and stain depth were more advantageous than other forms of HuScFv under the same condi-
tions (Fig 2B). Affinity constants for 1C, 7B, 3F, and 4G were determined by uncompetitive
enzyme immunoassay, and a total of four Ka values were obtained according to the simulated
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Fig 1. Electrophoretic images of gene amplification and PCR identification of recombinant plasmid (A) and M1 protein (B). (A) Lane M:
DL2000; lane 1: the M1 gene was amplified with primers M1P1 and M1P2 using the HSN1 cDNA as a template; lanes 2 and 3: using the
plasmid as a template, M1P1 and M1P2 amplification; lane 4, negative control; (B) Lane M: protein maker, lane 1: purified M1 protein.

https://doi.org/10.1371/journal.pone.0266220.9001

biological curve of protein concentration for M1 (Table 2). IgBLAST was used to analyze 3F in
the NCBI library to determine the HuScFv framework and CDR region (Fig 3).

Characterization of the recombinant TAT-HuScFv trans-body for M1

The 3F and 7B genes (with the highest immune affinity constant) were successfully cloned into
the pET28a-TAT expression vector (Fig 4) and successfully expressed into BL21 (DE3).
SDS-PAGE further showed that the protein product was approximately 28 KDa in size (Fig 5),
which was the expected size of the fusion protein. TAT-HuScFv was highly expressed in IPTG-
induced E. coli, and was eluted in 200 mmol of imidazole when purified by the metal chelated
Cu”* column. The purified TAT-HuScFv and HuScFv were compared for hemagglutination
inhibition; the ability of TAT-HuScFv when fused to the TAT domain to bind viral M1 protein
was stronger than that of HuScFv (Table 3).

Specific recognition sites of M1 protein for TAT-HuScFv

ELISA was conducted between purified TAT-HuScFv and small peptides based on M1-pro-
tein decomposition. Only fragment 10 (Table 1) was positive; all nine of the other fragments
were negative. Because polypeptide number 10 had only 26 amino acid sequences; four of
its amino acids were overlapped to synthesize multiple small peptides. After ELISA was con-
ducted again, peptides 5, 6, and 7 were all positive (Fig 6A). These three small peptides all
contained the same two amino acids (LENLQA, NLQAYQ, QAYQKR, QA). According to
the above results, A small peptide containing two amino acids Q and A (ENLQAYQK) was
selected from peptide 10, and then A peptide mutated from Q to E (ENLEAYQK) was syn-
thesized, while another peptide mutated from A to G (ENLEQGYQK) was synthesized.
Finally, ELISA (the disordered peptide with the same sequence as the source peptide was
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Fig 2. Results of PCR amplification to ELISA positive strains (A) and WB results for 3F, 7B (B). (A) Lane M: DL2000 DNA Maker.
Lanes 1 and 4: specific fragments of ELISA-positive strains. (B) Under the same conditions, 3F and 7B exhibited significant advantages
over other proteins.

https://doi.org/10.1371/journal.pone.0266220.9002

also the negative control) was performed (Fig 6B); peptide 1 was positive and peptide 2 was
negative. Therefore, it was inferred that TAT-HuScFv specifically bound to Alanine (A) at
position 239 in the M1 protein.

Discussion

New resistant strains of influenza virus are emerging all over the world and the limitations
associated with existing treatment drugs for influenza virus are becoming increasingly appar-
ent (Uyeki 2009), Consequently, there is an urgent need to develop remedies for influenza.
While traditional small molecule drugs are not suitable for inhibiting the protein-protein
interface (PPI), we developed a fully humanized small antibody fragment (human HuScFv) for
the treatment of influenza [15, 16]. The HuScFv fragment is safe for use in different popula-
tions because it is human in origin and does not cause additional inflammation. Typically,
each specific antibody molecule binds to its target using several amino acid residues in the
complementary determination region (CDR) and the immunoglobulin framework (FR) of the
VH and VL domains. Antibody drugs have an advantage over traditional small-molecule
drugs in terms of responding to viral mutations [17]. In recent years, humanized antibodies
based on HA protein encoded by influenza virus fragment 4, non-structural protein NS1

Table 2. The affinity constants were measured as a Ka value.

HuScFv n=2 n=4 n=38 xXz*s
1C (x10°) 2.7 3.42 2.95 3.15 3.09 3.03 3.06+0.22
7B (x107) 1.26 2.4 4.67 1.85 8.02 4.55 3.79+2.29
3F (x10%) 2.8 2.44 3.95 2.55 3.27 3.2 3.04+0.51
4G (x107) 3.27 3.97 2.04 3.71 2.44 2.53 2.99+0.70

https://doi.org/10.1371/journal.pone.0266220.t002
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TATGGTCGTAAAAAACGTCGTCAGCGTCGTCGTGAATTCATAATGAAATACCTATTGCCT
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ACGGCAGCCGCTGGATTGTTATTACTCGCGGCCCAGCCGGCCATGGCCGAGGTGCAGCTG
T A A A G L L L L A A Q P A M A E V Q L
TTGGAGTCTGGGGGAGGCTTGGTACAGCCTGGGGGGTCCCTGAGACTCTCCTGTGCAGCC
L £ S 6 6 G L. Vv.Q P G G S L R L s C A A
TCTGGATTCACCTTTAGCAGCTATGCCATGAGCTGGGTCCGCCAGGCTCCAGGGAAGGGG
s NEENEINEEINAN Y s w VvV R 0 A P G K G
CTGGAGTGGGTCTCAGCTATTACTGGGAGTGGTCGTAGGACATTTTACGCAGACTCCGTG
L E W V S A I NGNS CEEN NS ° Y A D S V
AAGGGCCGGTTCACCATCTCCAGAGACAACTCCAAGAACACGCTGTATCTGCAAATGAAC
K 6 R F T I S R DN S K N T L Y L Q M N
AGCCTGAGAGCCGAGGACACGGCCGTATATTACTGTGCGAAATCGGCGAGGCTGTTTGAC
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TACTGGGGCCAGGGAACCCTGGTCACCGTCTCGAGCGGTGGAGGCGGTTCAGGCGGAGGT
B3 v ¢ o ¢ v 1L v 7 v s s KEKEEEEEECEY
GGCAGCGGCGGTGGCGEGETCGACGGACATCCAGATGACCCAGTCTCCATCCTCCCTGTCT
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CATCATCACCATCACGGGGCCGCAGAACAAAAACTCATCTCAGAAGAGGATCTGAATGGG
H H HHHGA AA ATEJ QT KTILTI S ETETDTLN G
GCCGCATAG
A A *

Fig 3. DNA sequence and deduced amino acid sequence. The orange sections show the variable regions CDR1, CDR2, and CDR3 of the heavy
chain. The blue section is the protein peptide linker. The green section shows the variable regions CDR1, CDR2, and CDR3 of the light chain;
the non-colored section is the frame area.

https://doi.org/10.1371/journal.pone.0266220.9g003

encoded by influenza virus fragment 8, and M2 protein encoded by influenza virus fragment
7, have been reported to inhibit viral activities, viral replications, and the function of viral ion
channel proteins, respectively [18-22]. In addition, it has been reported that the M1 protein
was highly homologous and conserved in mutant strains of influenza A [9, 10]. Consequently,
specific antibodies against M1 protein will exhibit the key advantages of universality and
versatility.

In the present study, we used a Tomlinson (I+]) phage antibody library to isolate a unique
HuScFv that exhibited high affinity for the influenza virus M1 protein. By sequencing the
HuScFv gene, we were able to fuse an HIV TAT protein transduction domain to the HuScFv
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Fig 4. PCR identification of the recombinant expression plasmid pET28a-TAT-HuScFv. Lane M: DL2000 DNA
marker; lanes 1 and 4: PCR product for the recombinant expression plasmid pET-28a-TAT-HuScFv.

https://doi.org/10.1371/journal.pone.0266220.9004

fragment. In the hemagglutination inhibition experiment using MDCK cells, we demonstrated
that TAT-HuScFv could penetrate the cell membrane more quickly than traditional HuScFv
and then penetrate cells and bind specifically to M1 protein under the same conditions. We
also revealed that the linkage of TAT-HuScFv to TAT is more effective, faster and stronger
than traditional HuScFv in terms of practical application. In subsequent experiments, we will
conduct large-scale animal model experiments to clearly demonstrate the differences between
TAT-HuScFv and HuScFv. The binding site was proven to be the Alanine (A) at position 239

1 2 3 M kDa

100

70

50

40

30

25

Fig 5. Purified TAT-HuScFv. Lane M: marker; lane 1: ultrasonic supernatant induced by TAT-HuScFv expression
bacteria; lane 2: Cu®* 200 mmol imidazole eluted sample; lane 3: purified TAT-HuScFv.

https://doi.org/10.1371/journal.pone.0266220.g005
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Table 3. Hemagglutination inhibition test results.

Antibody HIN1* (TCIDs50)
50 100 150 200 250 300 350 400

3F - - - - + + + +
TAT-3F - - - - , + +
7B - - - + + + +
TAT-7B - - - - + +
Positive control + + + + + + + +
Negative control - - - - - - - -

*The TCIDs, of HIN1 was 107*/0.1mL, positive (+), negative (-).

https://doi.org/10.1371/journal.pone.0266220.t003

in the M1 protein. When used to treat influenza virus infection, the penetrating TAT-HuScFv
could significantly shorten the treatment time and improve the efficiency of treatment. In con-
clusion, the penetrating TAT-HuScFv generated in this study could substantially neutralize a
large number of viruses in mammalian cells, and exerted significant effects on the life cycles of
viruses. Therefore, this study provides a solid foundation for the protection and treatment of
avian influenza virus H5N1 and its related subtypes.
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Fig 6. Schematic of peptide fragment 10 decomposed into small peptides (A) and amino acid mutation in polypeptides (B). (A): The green and
orange sections are ELISA-positive, and the black circled sections are the amino acid sequences shared by the three polypeptides 5, 6 and 7. (B):
The red and yellow sections represent the mutant amino acid sites that are positive for fragment 1 and negative for fragment 2.

https://doi.org/10.1371/journal.pone.0266220.g006
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Conclusions

We developed a recombinant HuScFv antibody with high affinity for influenza virus M1 pro-
tein by using the Tomlinson (I+]) phage antibody library. TAT-HuScfv was further enhanced
by binding to HuScFv fragment via the TAT protein transductive domain of the HIV virus.
The binding site was identified as alanine (A) at the 239th position of the M1 protein.

Supporting information

S1 File.
(ZIP)

Acknowledgments

The authors would like to thank Dr. Guoli Zhang for data analysis and the support of the
Changchun Veterinary Research Institute, Chinese Academy of Agricultural Sciences. We
would also like to thank International Science Editing (http://www.internationalsciencee
diting.com) for editing this manuscript.

Author Contributions

Conceptualization: He Sun, Guoli Zhang, Zehong Li.
Data curation: He Sun, Yu Wang, Hongyang Man, Guoli Zhang.
Formal analysis: He Sun, Hongyang Man, Zehong Li.
Funding acquisition: Guoli Zhang.

Investigation: Zehong Li.

Methodology: Guangmou Wu, Jiyuan Zhang, Yu Wang.
Project administration: He Sun, Guoli Zhang.
Resources: He Sun.

Software: He Sun, Jiyuan Zhang, Yue Qiu.

Supervision: Guangmou Wu, Yuan Tian.

Validation: Yue Qiu, Yuan Tian.

Visualization: Guoli Zhang.

Writing - original draft: He Sun.

Writing - review & editing: Guoli Zhang, Yuhuan Yue, Yuan Tian.

References

1. YeeKS, Carpenter TE, Cardona CJ. Epidemiology of HSN1 avian influenza. Comp Immunol Microbiol
Infect Dis. 2009; 32: 325-340. https://doi.org/10.1016/j.cimid.2008.01.005 PMID: 18448168

2. ChenH. H5N1 avian influenza in China. Sci China, Ser C Life Sci. 2009; 52: 419-427. https://doi.org/
10.1007/s11427-009-0068-6 PMID: 19471864

3. Joseph U, Su YCF, Vijaykrishna D, Smith GJD. The ecology and adaptive evolution of influenza A inter-
species transmission. Influenza Other Respi Viruses. 2017; 11: 74-84. https://doi.org/10.1111/irv.
12412 PMID: 27426214

4. Noisumdaeng P, Roytrakul T, Prasertsopon J, Pooruk P, Lerdsamran H, Assanasen S, etal. T cell
mediated immunity against influenza HSN1 nucleoprotein, matrix and hemagglutinin derived epitopes in

PLOS ONE | https://doi.org/10.1371/journal.pone.0266220 March 31, 2022 12/13


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0266220.s001
http://www.internationalscienceediting.com/
http://www.internationalscienceediting.com/
https://doi.org/10.1016/j.cimid.2008.01.005
http://www.ncbi.nlm.nih.gov/pubmed/18448168
https://doi.org/10.1007/s11427-009-0068-6
https://doi.org/10.1007/s11427-009-0068-6
http://www.ncbi.nlm.nih.gov/pubmed/19471864
https://doi.org/10.1111/irv.12412
https://doi.org/10.1111/irv.12412
http://www.ncbi.nlm.nih.gov/pubmed/27426214
https://doi.org/10.1371/journal.pone.0266220

PLOS ONE

An intracellular humanized single-chain antibody to matrix protein (M1) of H5N1 virus

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

H5N1 survivors and non-H5N1 subjects. Peerd. 2021; 9: 1-21. https://doi.org/10.7717/peerj.11021
PMID: 33854839

Raman HSA, Tan S, August JT, Khan AM. Dynamics of Influenza A (H5N1) virus protein sequence
diversity. Peerd. 2020; 7: €7954. https://doi.org/10.7717/peer|.7954 PMID: 32518710

Poungpair O, Chaicumpa W, Kulkeaw K, Maneewatch S, Thueng-in K, Srimanote P, et al. Human sin-
gle chain monoclonal antibody that recognizes matrix protein of heterologous influenza A virus sub-
types. J Virol Methods. 2009; 159: 105—111. https://doi.org/10.1016/j.jviromet.2009.03.010 PMID:
19442853

Mok BWY, Liu H, Chen P, Liu S, Lau SY, Huang X, et al. The role of nuclear NS1 protein in highly patho-
genic H5N1 influenza viruses. Microbes Infect. 2017; 19: 587-596. https://doi.org/10.1016/j.micinf.
2017.08.011 PMID: 28903072

Paterson D, Fodor E. Emerging Roles for the Influenza A Virus Nuclear Export Protein (NEP). PLoS
Pathog. 2012; 8(12): e1003019. https://doi.org/10.1371/journal.ppat.1003019 PMID: 23236273

Dong-Din-On F, Songserm T, Pissawong T, Srimanote P, Thanongsaksrikul J, Thueng-In K| et al. Cell
penetrable human scFv specific to middle domain of matrix protein-1 protects mice from lethal influ-
enza. Viruses. 2015; 7: 154—179. https://doi.org/10.3390/v7010154 PMID: 25594836

Poungpair O, Pootong A, Maneewatch S, Srimanote P, Tongtawe P, Songserm T, et al. A human single
chain transbody specific to matrix protein (M1) interferes with the replication of influenza a virus. Biocon-
jug Chem. 2010; 21: 1134—1141. https://doi.org/10.1021/bc900251u PMID: 20560610

YinY, Li BB, Zhou L, Luo J, Liu X, Wang S, et al. Protein transduction domain-mediated influenza NP
subunit vaccine generates a potentimmune response and protection against influenza virus in mice.
Emerg Microbes Infect. 2020; 9: 1933—1942. hitps://doi.org/10.1080/22221751.2020.1812436 PMID:
32811334

Shim BS, Cheon IS, Lee E, Park SM, Choi Y, Jung DI, et al. Development of safe and non-self-immuno-
genic mucosal adjuvant by recombinant fusion of cholera toxin A1 subunit with protein transduction
domain. J Immunol Res. 2018: 9830701. https://doi.org/10.1155/2018/9830701 PMID: 29707588

Lin BY, Kao MC. Therapeutic applications of the TAT-mediated protein transduction system for complex
| deficiency and other mitochondrial diseases. Ann N'Y Acad Sci. 2015; 1350: 17-28. https://doi.org/10.
1111/nyas.12858 PMID: 26273800

XuYL,YuYH, Zhang G L, et al. Purification of PTD—GFP fusion protein and determination of its trans-
duction efficiency. Heilongjiang Xumu Shouyi, 2016(01):25-28+257. https://doi.org/10.13881/j.cnki.
hlixmsy.2016.0007

Li C, Bu Z, Chen H. Avian influenza vaccines against H5SN1 “bird flu.” Trends Biotechnol. 2014; 32: 147—
156. https://doi.org/10.1016/j.tibtech.2014.01.001 PMID: 24491922

Alizadeh S, Moazen S, Faraji SN, Moattari A, Nejatollahi F. Novel single-chain antibodies against highly
conserved epitopes in the hemagglutinin of influenza A viruses: Promising agents for universal thera-
pies. Iran J Basic Med Sci. 2020; 24: 17-23. https://doi.org/10.22038/ijoms.2020.43508.10219 PMID:
33643565

Ascione A, Capecchi B, Campitelli L, Imperiale V, Flego M, Zamboni S, et al. Human monoclonal anti-
bodies in single chain fragment variable format with potent neutralization activity against influenza virus
H5N1. Antiviral Res. 2009; 83: 238—244. https://doi.org/10.1016/j.antiviral.2009.05.005 PMID:
19481117

Terrier O, Moules V, Carron C, Cartet G, Frobert E, Yver M, et al. The influenza fingerprints: NS1 and
M1 proteins contribute to specific host cell ultrastructure signatures upon infection by different influenza
A viruses. Virology. 2012; 432: 204-218. https://doi.org/10.1016/j.virol.2012.05.019 PMID: 22770924

Pissawong T, Maneewatch S, Thueng-In K, Srimanote P, Dong-Din-On F, Thanongsaksrikul J, et al.
Human monoclonal ScFv that bind to different functional domains of M2 and inhibit H5N1 influenza
virus replication. Virol J. 2013; 10: 1. https://doi.org/10.1186/1743-422X-10-1 PMID: 23279912

Wu J, Zeng XQ, Zhang H Bin, Ni HZ, Pei L, Zou LR, et al. Novel phage display-derived H5N1-specific
scFvs with potential use in rapid avian flu diagnosis. J Microbiol Biotechnol. 2014; 24: 704—713. https:/
doi.org/10.4014/jmb.1311.11107 PMID: 24487936

Li TW, Cheng SF, Tseng YT, Yang YC, Liu W chun, Wang SC, et al. Development of single-chain vari-
able fragments (scFv) against influenza virus targeting hemagglutinin subunit 2 (HA2). Arch Virol. 2016;
161: 19-31. https://doi.org/10.1007/s00705-015-2625-6 PMID: 26446888

Poursiyami M, Nejatollahi F, Moatari A. Isolation of neutralizing human single chain antibodies against
conserved hemagglutinin epitopes of influenza a virus H3N2 strain. Reports Biochem Mol Biol. 2019; 8:
301-309.

PLOS ONE | https://doi.org/10.1371/journal.pone.0266220 March 31, 2022 13/13


https://doi.org/10.7717/peerj.11021
http://www.ncbi.nlm.nih.gov/pubmed/33854839
https://doi.org/10.7717/peerj.7954
http://www.ncbi.nlm.nih.gov/pubmed/32518710
https://doi.org/10.1016/j.jviromet.2009.03.010
http://www.ncbi.nlm.nih.gov/pubmed/19442853
https://doi.org/10.1016/j.micinf.2017.08.011
https://doi.org/10.1016/j.micinf.2017.08.011
http://www.ncbi.nlm.nih.gov/pubmed/28903072
https://doi.org/10.1371/journal.ppat.1003019
http://www.ncbi.nlm.nih.gov/pubmed/23236273
https://doi.org/10.3390/v7010154
http://www.ncbi.nlm.nih.gov/pubmed/25594836
https://doi.org/10.1021/bc900251u
http://www.ncbi.nlm.nih.gov/pubmed/20560610
https://doi.org/10.1080/22221751.2020.1812436
http://www.ncbi.nlm.nih.gov/pubmed/32811334
https://doi.org/10.1155/2018/9830701
http://www.ncbi.nlm.nih.gov/pubmed/29707588
https://doi.org/10.1111/nyas.12858
https://doi.org/10.1111/nyas.12858
http://www.ncbi.nlm.nih.gov/pubmed/26273800
https://doi.org/10.13881/j.cnki.hljxmsy.2016.0007
https://doi.org/10.13881/j.cnki.hljxmsy.2016.0007
https://doi.org/10.1016/j.tibtech.2014.01.001
http://www.ncbi.nlm.nih.gov/pubmed/24491922
https://doi.org/10.22038/ijbms.2020.43508.10219
http://www.ncbi.nlm.nih.gov/pubmed/33643565
https://doi.org/10.1016/j.antiviral.2009.05.005
http://www.ncbi.nlm.nih.gov/pubmed/19481117
https://doi.org/10.1016/j.virol.2012.05.019
http://www.ncbi.nlm.nih.gov/pubmed/22770924
https://doi.org/10.1186/1743-422X-10-1
http://www.ncbi.nlm.nih.gov/pubmed/23279912
https://doi.org/10.4014/jmb.1311.11107
https://doi.org/10.4014/jmb.1311.11107
http://www.ncbi.nlm.nih.gov/pubmed/24487936
https://doi.org/10.1007/s00705-015-2625-6
http://www.ncbi.nlm.nih.gov/pubmed/26446888
https://doi.org/10.1371/journal.pone.0266220

