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Abstract: Dynamin-like GTPase myxovirus resistance protein 1 (Mx1) is an intracellular anti-viral
protein following the activation of type I and type III interferon signaling. Mx1 inhibits viral
replication by blocking the transcription of viral RNA, and a deficiency in this protein enhances
susceptibility to influenza infection. Thus, Mx1 could be another efficient target of anti-influenza
therapy. To test our hypothesis, we fused poly-arginine cell-penetrating peptides to the C
terminus of Mx1 (Mx1-9R) and examined the anti-viral activity of Mx1-9R in vitro and in vivo.
Madin-Darby Canine Kidney epithelial cells internalized the Mx1-9R within 12 h. Pre-exposure
Mx1-9R treatment inhibited viral replication and viral RNA expression in infected cells. Further,
intranasal administration of Mx1-9R improved the survival of mice infected with the PR8 influenza
viral strain. These data support the consideration of Mx1-9R as a novel therapeutic agent against
mucosal influenza virus infection.
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1. Introduction

Influenza-type virus is an Orthomyxoviridae virus that causes an acute febrile respiratory disease
called influenza [1]. After entering the host through the nasal cavities, influenza virus infects
bronchiolar–alveolar epithelial cells, macrophage, and dendritic cells (DCs) [2–5]. The virus then
replicates and spreads throughout the airways. Pandemic influenza has occurred several times
throughout the years, resulting in millions of deaths and unpredictably affecting public health [6].
Although many influenza vaccines have been developed to strengthen the protective immune responses
in potential hosts, antigenic drift and antigenic shift cause viral variations that render the evolved
virus only weakly affected by pre-existing vaccines [1,5,7,8]. Thus, an antigen-independent anti-viral
agent provides the greatest hope for a lasting solution to influenza infection.

Type I interferons (IFNs) are important regulators in innate anti-viral responses. Protective
immune responses are activated to eliminate pathogenic invaders following the recognition of
pathogen-associated molecular patterns (PAMPs) via pattern recognition receptors (PRRs) on host
cells [9]. Type I IFNs mediate various mechanisms that improve host protection, including interferon-
stimulated gene (ISG) induction [10]. ISGs induce an anti-viral state in the host by restricting viral
replication and disrupting viral genomes. Myxovirus resistance proteins (Mx proteins), intracellular
anti-viral dynamin-like GTPases, are ISGs that inhibit influenza virus replication [5]. Mx proteins are
highly conserved in most vertebrates. Human MxA exhibits about 67% amino acid sequence identity
to mouse Mx1. Because Mx1 is an important intracellular regulator of viral replication, Mx1 deficiency
increases susceptibility to influenza infection in mice [11,12]. The subcellular localization influences
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the anti-viral activity of Mx proteins. While rodent Mx1 is located in the nucleus and restricts nuclear
viral replication, human MxA is located in the cytoplasm and restricts viral replication by preventing
the nuclear import of viral RNA [11].

In this study, we combined murine Mx1 with a cell-penetrating protein to create an anti-viral agent
effective against mucosal influenza infection. Arginine-rich cell-penetrating peptides (CPPs) [13] were
fused with the C terminus of murine Mx1 to improve delivery efficacy, and the anti-viral activity of the
resulting protein (i.e., Mx1-9R) was assessed in vitro and in vivo. Mx1-9R treatment inhibited viral
replication and RNA expression in the infected cells, and treatment with Mx1-9R prior to influenza
exposure increased murine resistance against influenza by restricting the viral propagation. Together,
these results indicate that cell-penetrating Mx1 could be used as a therapeutic agent against mucosal
influenza virus infection.

2. Materials and Methods

2.1. Construction of pET28a-Mx1-9R Vector

The Escherichia coli expression vector pET28a (a gift from HM Kim, Korea Advanced Institute
of Science and Technology (KAIST), Daejeon, Korea) was used to express His-tagged fusion protein.
To construct the insert DNA containing the 9 arginine-tagged mouse Mx1 (GenBank accession no:
NM_010846, functional protein expressed in wild mouse strains) protein sequence, primers were
designed as follows: NheI-Mx1, forward, 5′-CTAGCTAGCATGGATTCTGTGAATAATCT GTGCA-3′

(NheI site is underlined) and Mx1-9R-Not I, reverse, 5’-ATAAGAATGCGGCCGCCTAGCGGCGTC
TGCGTCTGCGGCGTCTGCGATCGGAGAATTTGGCAAGCTTCTGCCGAGCCTC-3’ (NotI site is
underlined). PrimeSTAR HS DNA polymerase (TAKARA, Shiga, Japan) was used to amplify the insert
DNA. A 1954 bp-long Mx1-9R fragment was digested with NheI and NotI restriction enzymes (NEB,
Ipswich, MA, USA) and inserted into the pET28a vector using T4 ligase (NEB). Cloned pET28a-Mx1
was amplified in DH5α chemically competent E. coli (Enzynomics, Daejeon, Korea) according to the
manufacturer’s instructions. Then, BL21 (DE3) E. coli (Enzynomics) cells were transformed with the
pET28a vector containing Mx1 fusion DNA sequence to express Mx1 fusion proteins.

2.2. Expression and Purification of Mx1-9R Fusion Protein

Transformed BL21 cells were cultured in Luria-Bertani (LB) broth (MB Cell, Los Angeles, CA, USA)
containing 30 µg/mL of kanamycin (LPS solution, Daejeon, Korea) for 3 h at 37 ◦C, then incubated
with 0.1 mM of Isopropyl β-D-1-thiogalactopyranoside (IPTG) (Goldbio, St. Louis, MO, USA) at 18 ◦C
overnight. After IPTG induction, cells were centrifuged and resuspended in lysis buffer containing
50 mM of Tris-HCl (Welgene, Daegu, Korea), 0.5 M of NaCl (Welgene), and 10 mM of imidazole
(Biosesang, Seongnam, Korea) with 1 mM of phenylmethylsulfonyl fluoride (Biobasic, Toronto, ON,
Canada). Cell suspension was lysed by sonication for 40 × 10 s with 10 s intervals on ice. The lysate
was centrifuged at 8000 rpm for 30 min at 4 ◦C, and His-tagged Mx1-9R was purified by Ni-NTA resin
(Incospharm, Daejeon, Korea). Then, purified Mx1-9R fusion proteins were desalted using Amicon
Ultra-15 Centrifugal Filter Units (Millipore Sigma, Darmstadt, Germany). Supernatant, pellet, flow
through, and eluent were separated by 8% sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), and the gel was stained with 0.05% Coomassie Blue R-250 (LPS solution). The amounts
of recombinant proteins were quantified by Bradford assay or NanoDrop (Thermo Fisher, Waltham,
MA, USA) measurements.

2.3. Construction, Expression, and Purification of OVA-9R Fusion Protein

To construct the pET28a-OVA-9R vector, insert DNA containing the 9 arginine-tagged chicken
ovalbumin (GenBank accession no: NM_205152) was amplified with NheI-OVA forward primer
(5’-CTAGCTAGCATGGGCTCCATCGGTGCAGCAAGCA-3’) and OVA-9R-NheI reverse primer
(5’-ATAAGAATGCGGCCGCCTAGCGGCGTCTGCGTCTGCGGCGTCTGCGAGGGGAAACACAT
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CTGCC-3’) using PrimeSTAR HS DNA polymerase (Takara). After amplification, pET28a-OVA-9R
vector was constructed with NheI and NotI restriction enzymes (NEB) and T4 ligase (NEB). Cloned
OVA-9R vector was amplified using DH5α chemically competent E. coli (Enzynomics) and transformed
into the competent cell of E. coli BL21 (Enzynomics). To induce the recombinant OVA-9R protein, BL21
cells were cultured in LB broth containing 30 µg/mL of kanamycin for 3 h at 37 ◦C, then incubated
with 0.1 mM of IPTG at 18 ◦C overnight. OVA-9R in inclusion bodies were solubilized using 6 M
GuHCl containing 50 mM Tris (pH 8.0) buffer, and recombinant OVA-9R proteins were isolated by
Ni-NTA resin. After purification, OVA-9R proteins were dialyzed four times for refolding. Briefly,
isolated proteins were inoculated into the Slide-A-Lyzer™ Dialysis Cassettes (Thermo Fisher) with an
exclusion size of 10 kDa, and dialyzed with 0.25 M of L-arginine, 200 mM of NaCl, 2 mM of reduced
glutathione, and 0.5 mM of oxidized L-glutathione containing 50 mM Tris (pH 8.0) buffer at 4 ◦C
overnight. Then, buffers were changed with 50 mM of L-arginine, 200 mM of NaCl, and 5% glycerol
containing 50 mM Tris (pH 8.0) buffer, and dialyses were continued overnight. Next day, dialyses
were performed with 200 mM NaCl and 5% glycerol containing 50 mM Tris (pH 8.0) buffer for 4 h at
4 ◦C. Refolded OVA-9R fusion proteins were desalted using Amicon Ultra-15 Centrifugal Filter Units
(Millipore Sigma), and the amounts of recombinant proteins were quantified by NanoDrop (Thermo
Fisher, Waltham, MA, USA) measurements.

2.4. Transduction of Mx1-9R Fusion Protein and Cell Viability Assay

To test whether Mx1-9R fusion proteins were internalized into cells, 4 × 104 cells of Madin-Darby
Canine Kidney (MDCK) epithelial cells were incubated with 50 µg/mL of Mx1-9R fusion proteins
for 3 or 12 h. After incubation, cells were incubated with 5 µg/mL Alexa Fluor™ 633-conjugated
wheat germ agglutinin (WGA) (Thermo Fisher) for 10 min at 37 ◦C to stain the plasma membrane.
Then, cells were washed with pre-warmed Hanks’ balanced salt solution (HBSS; Welgene) and fixed
with a solution of 4% paraformaldehyde in Dulbecco’s Phosphate Buffered Saline (DPBS; Welgene),
and permeabilized with 0.2% Triton-X100 in DPBS. After blocking with 1% bovine serum albumin
(BSA) and 3% goat serum in DPBS, internalized Mx1 fusion proteins in MDCK cells were stained with
anti-Mx1 antibody (Santa Cruz, Dallas, TX, USA) for 2 h at room temperature (RT). Cells were washed
three times with DPBS for 10 min and incubated with Cy3-conjugated conjugated goat anti-mouse
IgG (Jackson Immunoresearch, West Grove, PA, USA) for 45 min at RT. Cover slips were mounted
using Fluoroshield mounting medium with DAPI (Abcam, Cambridge, UK), and intracellular Mx1-9R
proteins were detected using an LSM800 (Carl Zeiss, Oberkochen, Germany).

2.5. Cell Viability Assay

MDCK cells were seeded at 1 × 104 cells/well in a 96-well plate and cultured for 16 h at 37 ◦C.
After the cells reached confluence, 25–100 µg/mL Mx1-9R protein was added into cells and cultured
for 24 h. Cell viability was measured using an EZ-cytox Cell Viability Assay Kit (DoGen, Seoul, Korea)
for 30 min at 37 ◦C, and then cell viability was determined as the absorbance at 450 nm.

To test whether endotoxin contamination of Mx1-9R elicited an anti-viral state in cells, bone
marrow cells were isolated from tibias and femurs of C57BL/6 mice. After red blood cell lysis
using ammonium-chloride-potassium lysis buffer, 1 × 106 cells were incubated with 25–100 µg/mL
Mx1-9R proteins for 18 h and IFN-β and IL-1β levels in culture supernatants were measured by ELISA
(eBioscience, San Diego, CA, USA).

2.6. Anti-Viral Activity of Mx1-9R in Vitro

To test the anti-viral activity of the Mx1-9R fusion proteins, 3× 105 MDCK cells were cultured with
50–125 µg/mL of Mx1-9R for 12 h before infection. Then, the cells were incubated with 0.01 Multiplicity
of infection (MOI) of influenza type A PR8 (gifted from Akiko Iwasaki, Yale University, New Haven,
CT, USA) virus for 48 h. To see whether post-infection Mx1-9R treatment could control the viral load in
PR8-infected cells, 3× 105 MDCK cells were infected with 0.01 MOI of PR8 for 3 h. Then, 0.1–10 µg/mL
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of Mx1-9R was inoculated into the cells, and the cells were incubated for 48 h. Viral titers in culture
supernatants were determined by plaque assay, and vRNA expression in the cells was assessed by
real-time quantitative polymerase chain reaction (RT-qPCR).

2.7. RT-qPCR

Relative levels of vRNA were analyzed by RT-qPCR. Briefly, total RNA was isolated from
PR8-infected MDCK cells using RNeasy Plus Mini Kit (Qiagen, San Francisco, CA, USA). The
synthesis of cDNA from the RNA template was performed using oligo DT primers and M-MLV
reverse transcriptase (Nobel Bio, Suwon, Korea). RT-qPCR analysis was conducted using SYBR®Green
Realtime PCR Master Mix (Toyobo), and the primers were as follows:

PR8-NP, forward, 5’-GATTGGTGGAATTGGACGAT-3’ and
PR8-NP, reverse, 5’- AGAGCACCATTCTCTCTATT-3’;
PR8-M1, forward, 5’-AAGACCAATCCTGTCACCTCTGA-3’ and
PR8-M1, reverse, 5’-CAAAGCGTCTACGCTGCAGTCC-3’; and
GAPDH, forward, 5’-AACATCATCCCTGCTTCCAC-3’ and
GAPDH, reverse, 5-GACCACCTGGTCCTCAGTGT-3’.

2.8. Influenza Virus Infection In Vivo

Male C57BL/6 mice were purchased from DBL (Chungbuk, Korea). Mice were housed in a specific
pathogen-free facility of Korea Advanced Institute of Science and Technology (KAIST). All animal
care and procedures were approved by and performed according to the standards of the Institutional
Animal Care and Use Committee (IACUC) of KAIST (KA2013-55, October, 24, 2013).

To assess the anti-viral effect of Mx1-9R fusion proteins, mice were anesthetized with an
intraperitoneal injection of a ketamine/xylazine mixture. Then, 10 µg of Mx1-9R fusion proteins
were intranasally administered to mice one day prior to the day of infection. For intranasal infection,
ketamine (100 mg/kg) and xylazine (5.83 mg/kg) were injected intraperitoneally into mice to produce
30–60 min of anesthesia. After anesthesia, mice were infected intranasally with 20 µL of PR8 virus
(25 PFU in phosphate-buffered saline (PBS)), and body weight loss and survival were monitored.
Survival was estimated according to the Kaplan–Meier method, and significance was calculated by
the log-rank test. Mice were euthanized when they lost more than 25% of their initial body weight.
At 8 days post-infection, flu-infected mice were sacrificed, and bronchoalveolar lavage (BAL) fluids
were collected by washing the trachea and lungs with 1 mL of phosphate-buffered saline (PBS).

2.9. Flow Cytometry

Intracellular staining and flow cytometry were performed to determine the effect of Mx1-9R on
anti-viral immune responses in PR8-infected mice.

Mice were euthanized with carbon dioxide gas at 8 days post-infection. Lungs were minced and
digested for 30 min at 37 ◦C in 1% fetal bovine serum (FBS) in Dulbecco’s Modified Eagle Medium
(DMEM) with DNase I (Roche, Basel, Switzerland) and collagenase 4 (Worthington Biochemical
Corporation, Lakewood, NJ, USA). Then, cells were centrifuged at 1500 rpm for 5 min at 4 ◦C and
treated with HBSS buffer (Welgene) containing 5 mM of ethylenediaminetetraacetic acid and 5%
of FBS for 5 min at 37 ◦C. Single cells were suspended using a 70-µm cell strainer and plunger.
Lung cells were isolated by Percoll (GE Healthcare Life Sciences, Marlborough, MA, USA) density
gradient centrifugation. After washing with PBS, single cells were harvested and treated with
ammonium-chloride-potassium lysis buffer to eliminate red blood cells.

For pentamer staining, isolated cells were stained with FITC anti-mouse CD44 (Tonbo Bioscience,
San Diego, CA, USA), PE anti-mouse NP366–374 Pentamer (Proimmune, Oxford, UK), PerCpCy5.5
anti-mouse CD4 (Tonbo Biosciences), PECy7 anti-mouse CD3e (eBioscience), APC anti-mouse CD11b
(Biolegend, San Diego, CA, USA), APCCy7 anti-mouse CD8a (Tonbo Biosciences, USA), Alexa fluor
700 anti-mouse CD45.2 (Biolegend) antibodies, and DAPI.
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For intracellular staining, isolated cells were stimulated with 10 µg/mL of NP311-325 (Peptron,
Daejeon, Korea) peptides with 0.134 µL of GolgiStop, and 0.1 µL of GolgiPlug (BD Biosciences) for
13 h. Then, cells were stained with FITC anti-mouse CD44 (Tonbo Biosciences), APC anti-mouse IFN-γ
(Biolegend), PECy7 anti-mouse CD3e (eBioscience), APCCy7 anti-mouse CD8a (Tonbo Biosciences),
Alexa fluor 700 anti-mouse CD4 (Biolegend), violetFluor™ 450 anti-mouse CD45 (Tonbo Biosciences),
and Brilliant Violet 510™ anti-mouse CD11b (Biolegend) antibodies. After staining, cells were analyzed
on a FACS Fortessa (BD Biosciences).

2.10. Plaque Assay

MDCK cells were cultured at 5 × 105 cells/well in complete DMEM media (Welgene), in a
6-well plate, overnight at 37 ◦C. After cells reached confluence, 250 µL of serial dilutions of culture
supernatants from flu-infected cells or BAL collections of infected mice were added to the well and
incubated at 37 ◦C for 1 h with shaking every 20 min. Then, plates were washed twice with PBS, and
2 mL/well 0.6% agarose medium were added to each well. After the gel became hard, the plates were
cultured at 37 ◦C for 40 h.

2.11. Statistics

All data are presented as the mean± standard error of the mean (SEM). Statistical significance was
determined by Student’s t-test and two-way ANOVA analysis of variance with Bonferroni post-tests.

3. Results

3.1. Generation of Cell-Penetrating Mx1-9R Fusion Proteins

To fuse the murine Mx1 with PTD 9-arginine sequence (see Figure 1A), we amplified insert
DNA using PCR (see Figure 1B) and cloned the fusion Mx1-9R insert into the pET28a expression
vector. Plasmid constructs were transformed into competent E. coli BL21, and the recombinant Mx1-9R
fusion proteins were successfully induced with 0.1 mM of IPTG (see Figure 1C, lane 2) compared with
noninduced control (see Figure 1C, lane 1). Next, Mx1-9R was purified by Ni-NTA resin, and buffer
was exchanged using an Amicon centrifugal filter. SDS-PAGE results (see Figure 1C, lane 3) indicated
that Mx1-9R was synthesized in a prokaryotic expression system.
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Figure 1. Construction, expression, and purification of cell-penetrating Mx1-9R. Escherichia coli cells
were transformed with pET28a vector containing Mx1-9R fusion DNA sequence. After isopropyl
β-D-1-thiogalactopyranoside (IPTG) induction, expressed Mx1-9R were purified by Ni-NTA column.
(A) Structure of the Mx1-9R fusion protein was designed as described in the Methods. (B) Agarose
gel electrophoresis of amplified Mx1-9R insert. (C) SDS-PAGE (2%) was performed to confirm the
induction of Mx1-9R. BL21 (DE3). Lane 1: Whole lysates of control cells cultured without IPTG; lane 2:
Whole cells induced with IPTG; lane 3: Purified Mx1-9R using Ni-NTA column.
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3.2. Transduction of Mx1-9R Fusion Proteins

To see whether Mx1-9R fusion proteins were transduced into cells, MDCK cells were cultured with
50 µg/mL of Mx1-9R for 3 and 12 h, and internalized proteins were detected by confocal microscopy.
As shown in Figure 2A, Mx1-9R efficiently penetrated into cells within 3 h and accumulated in a
time-dependent manner, and 25 µg/mL of Mx1-9 proteins efficiently penetrated into the cells further
(Figure 2B). These results indicated that recombinant Mx1-9R sufficiently internalized into the cells.

Next, we tested the cytotoxicity of Mx1-9R. MDCK cells were incubated with 25–100 µg/mL of
Mx1-9R for 24 h, and cell viability was determined by a Water-soluble tetrazolium salt (WST)-based
assay. As shown in Figure 2C, Mx1-9R showed no significant cytotoxicity up to a concentration of
100 µg/mL. Then, we tested whether Mx1-9R induced type I IFN or IL-1β production from mouse bone
marrow cells because endotoxin contamination affects the anti-viral state. Bone marrow cells were
cultured with 25–100 µg/mL of Mx1-9R for 18 h, and IFN-β and IL-1β levels in culture supernatants
were measured by ELISA. As shown in Figure 2D, Mx1-9R induced IFN-β, and IL-1β displayed very
low expression levels. In conclusion, while endotoxin contamination induced type I IFN and IL-1β,
the expression levels were too low to elicit an anti-viral state in cells.
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Figure 2. Transduction of Mx1-9R in vitro. Madin-Darby Canine Kidney (MDCK) cells were incubated
with (A) 50 µg/mL or (B) 25 µg/mL of Mx1-9R. At 3–12 h after incubation, cells were permeabilized
and stained with anti-Mx1 antibody, then internalization of Mx1 fusion proteins in MDCK cells was
detected by confocal microscopy. (C) Cytotoxicity of Mx1-9R was determined by cell viability assay.
MDCK cells were incubated with various concentrations of Mx1-9R for 24 h, and cell viability was
determined by WST assay (n = 2–3). (D) Mouse bone marrow cells were cultured with Mx1-9R for 18 h
and IFN-β and IL-1β levels in culture supernatants were measured by ELISA (n = 3).
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3.3. Anti-Viral Activity of Mx1-9R Fusion Proteins in MDCK Cells

The therapeutic effect of Mx1-9R treatment prior to infection was assessed by viral titration
in culture supernatant and RT-qPCR. Because the internalization of Mx1-9R started within 3 h
post-treatment, MDCK cells were incubated with 50–125 µg/mL of Mx1-9R for 12 h before infection.
Then, 0.01 MOI of PR8 virus was inoculated into the cells, and viral titers in culture supernatants were
determined 48 h after infection. As shown in Figure 3A, pre-infection Mx1-9R treatment efficiently
reduced the viral titer in PR8-infected MDCK-cell culture supernatant while recombinant 9 arginine
conjugated ovalbumin (OVA-9R) proteins did not inhibit the viral replication of PR8 (Figure 3B).
In addition, the expression of the PR8-M1 gene was significantly lower in Mx1-9R-treated MDCK cells.
These results indicate that pre-infection Mx1-9R treatment restricted viral propagation in vitro.
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Figure 3. Mx1-9R inhibited influenza virus replication in infected cells. Mx1-9R was introduced into
the MDCK cells (A) 12 h prior to or (C) 3 h post PR8 infection. Viral titers in the culture supernatant
were determined by plaque assay, and relative levels of vRNA were analyzed by RT-qPCR (n = 3). Data
are presented as the means ± SEM. (B) Recombinant 9 arginine conjugated ovalbumin (OVA-9R) was
introduced into the MDCK cells 12 h prior to PR8 infection. Then, cells were infected with 0.01 MOI of
PR8 for 24 h, and relative levels of vRNA were analyzed by RT-qPCR (n = 3). Data are presented as the
means ± SEM.
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To test whether post-exposure Mx1-9R treatment controlled viral propagation in vitro, MDCK
cells were infected with 0.01 MOI of PR8 for 3 h and 1 or 10 µg/mL of Mx1-9R were added to the cells.
At 48 h after infection, the viral titers in culture supernatant and viral gene expressions were assessed.
Interestingly, the viral titers in culture supernatant were dramatically decreased following 1 µg/mL of
Mx1-9R treatment, and the copy numbers of viral M1 gene were also reduced compared with untreated
cells (see Figure 3C). The protective efficiency of Mx1-9R was increased in a concentration-dependent
manner. The results showed that viral propagation and RNA expression in the infected cells were
inhibited by post-infection Mx1-9R treatment.

3.4. Anti-Viral Activity of Mx1-9R in Vivo

Next, the anti-viral ability of Mx1-9R was tested in vivo. Mice were intranasally inoculated with
10 µg of Mx1-9R 1 day prior to the day of infection and infected with 25 PFU of PR8 virus; body
weight change and survival of mice were then monitored. Although untreated control mice began to
succumb to infection at day 9, Mx1-9R-treated mice displayed rapid recovery from body weight loss
and demonstrated decreased mortality compared with the untreated control (see Figure 4A). We next
measured the viral titers in the lungs of infected mice to test whether pre-infection Mx1-9R treatment
reduced the viral burden. Flu-infected mice were sacrificed at 8 days post-infection, and BAL fluid
viral titers were measured by plaque assay. As shown in Figure 4B, viral titers in the lungs were
slightly lower in mice treated with Mx1-9R compared to the untreated group, though this trend did not
reach statistical significance. These results demonstrate that pre-infection Mx1-9R treatment increased
anti-viral resistance by regulating viral propagation in vivo.

Next, we hypothesized that Mx1-9R treatment induced effective T-cell responses to clear the
infection. To assess the T-cell function, intracellular IFN-γ production was measured by flow cytometry.
Lung cells were isolated from infected mice and restimulated with MHC class II restricted NP311–325

peptides. However, IFN-γ-producing CD4 T cells were comparable between groups (see Figure 4C).
Further, Mx1-9R-treated mice demonstrated normal T-cell responses against influenza infection,
and showed no significant changes in antigen-specific cytotoxic CD8 T cell populations in the lung
compared to untreated mice (see Figure 4D). These results indicate that Mx1-9R treatment did not
alter the protective T-cell responses against influenza virus, and adaptive immune responses were not
crucial for the anti-viral activity of Mx1-9R.

Viruses 2018, 10, x FOR PEER REVIEW  8 of 12 

 

qPCR (n = 3). Data are presented as the means ± SEM. (B) Recombinant 9 arginine conjugated 
ovalbumin (OVA-9R) was introduced into the MDCK cells 12 h prior to PR8 infection. Then, cells 
were infected with 0.01 MOI of PR8 for 24 h, and relative levels of vRNA were analyzed by RT-qPCR 
(n = 3). Data are presented as the means ± SEM. 

To test whether post-exposure Mx1-9R treatment controlled viral propagation in vitro, MDCK 
cells were infected with 0.01 MOI of PR8 for 3 h and 1 or 10 μg/mL of Mx1-9R were added to the cells. 
At 48 h after infection, the viral titers in culture supernatant and viral gene expressions were assessed. 
Interestingly, the viral titers in culture supernatant were dramatically decreased following 1 μg/mL 
of Mx1-9R treatment, and the copy numbers of viral M1 gene were also reduced compared with 
untreated cells (see Figure 3C). The protective efficiency of Mx1-9R was increased in a concentration-
dependent manner. The results showed that viral propagation and RNA expression in the infected 
cells were inhibited by post-infection Mx1-9R treatment. 

3.4. Anti-Viral Activity of Mx1-9R in Vivo 

Next, the anti-viral ability of Mx1-9R was tested in vivo. Mice were intranasally inoculated with 
10 μg of Mx1-9R 1 day prior to the day of infection and infected with 25 PFU of PR8 virus; body 
weight change and survival of mice were then monitored. Although untreated control mice began to 
succumb to infection at day 9, Mx1-9R-treated mice displayed rapid recovery from body weight loss 
and demonstrated decreased mortality compared with the untreated control (see Figure 4A). We next 
measured the viral titers in the lungs of infected mice to test whether pre-infection Mx1-9R treatment 
reduced the viral burden. Flu-infected mice were sacrificed at 8 days post-infection, and BAL fluid 
viral titers were measured by plaque assay. As shown in Figure 4B, viral titers in the lungs were 
slightly lower in mice treated with Mx1-9R compared to the untreated group, though this trend did 
not reach statistical significance. These results demonstrate that pre-infection Mx1-9R treatment 
increased anti-viral resistance by regulating viral propagation in vivo. 

 
Figure 4. Cont.



Viruses 2019, 11, 109 9 of 12
Viruses 2018, 10, x FOR PEER REVIEW  9 of 12 

 

 
Figure 4. Protein transduction domain (PTD)-fused Mx1-9R improved the survival of influenza PR8-
infected mice. Mx1-9R was intranasally administered to mice one day prior to the day of infection. 
Mice were infected by intranasal application of 25 PFU of PR8 virus. (A) Body weight loss and survival 
were measured according to the Kaplan–Meier method (n = 4–5). (B) Viral titers in BAL fluid were 
measured by plaque assay (n = 4–5). (C) Intracellular IFN-γ staining and (D) NP366–374 antigen-specific 
CD8 T-cell staining were performed to analyze the T-cell responses at 8 days post-infection (n = 4–6). 
Data are presented as the mean ± SEM. 

Next, we hypothesized that Mx1-9R treatment induced effective T-cell responses to clear the 
infection. To assess the T-cell function, intracellular IFN-γ production was measured by flow 
cytometry. Lung cells were isolated from infected mice and restimulated with MHC class II restricted 
NP311–325 peptides. However, IFN-γ-producing CD4 T cells were comparable between groups (see 
Figure 4C). Further, Mx1-9R-treated mice demonstrated normal T-cell responses against influenza 
infection, and showed no significant changes in antigen-specific cytotoxic CD8 T cell populations in 
the lung compared to untreated mice (see Figure 4D). These results indicate that Mx1-9R treatment 
did not alter the protective T-cell responses against influenza virus, and adaptive immune responses 
were not crucial for the anti-viral activity of Mx1-9R. 

4. Discussion 

Mx1 is the first identified member of the Mx protein family, composed of GTPase-containing 
anti-viral effector proteins. Mx1 is induced by the activation of type I and type III interferon signaling 
pathways, and serves as an intracellular restriction factor against viral infection such as influenza 
[11]. Most inbred mouse strains (e.g., C57BL/6 and BALB/c) have nonfunctional mutant Mx1, and 
mice from these strains are highly susceptible to influenza infection [14–18]. The anti-viral functions 
of Mx1 have been investigated by in vitro and in vivo studies. For example, functional Mx1 
transfection diminished the polymerase activity of influenza virus [19,20], and functional Mx1-
carrying mice are highly resistant against pathogenic influenza infection such as pandemic 1918 and 
lethal human H5N1 [21,22], PR8 [23], and avian H5N2 Ab/Korea/ma81/07 virus [24]. Mx1 has been 
suggested as a key regulator of influenza virus, but whether Mx1 could be used as a therapeutic agent 
during influenza virus infection remains unclear. 

CPPs, also known as protein transduction domains (PTDs), are short peptides that deliver large 
cargo molecules into cells without causing membrane damage, and are independent of receptors. In 
1988, HIV trans-activator of transcription (TAT) protein was found to be rapidly taken up by cells. It 
was also capable of delivering large bioactive cargos into the cytoplasm [25–27]. Since then, various 

Figure 4. Protein transduction domain (PTD)-fused Mx1-9R improved the survival of influenza
PR8-infected mice. Mx1-9R was intranasally administered to mice one day prior to the day of infection.
Mice were infected by intranasal application of 25 PFU of PR8 virus. (A) Body weight loss and survival
were measured according to the Kaplan–Meier method (n = 4–5). (B) Viral titers in BAL fluid were
measured by plaque assay (n = 4–5). (C) Intracellular IFN-γ staining and (D) NP366–374 antigen-specific
CD8 T-cell staining were performed to analyze the T-cell responses at 8 days post-infection (n = 4–6).
Data are presented as the mean ± SEM.

4. Discussion

Mx1 is the first identified member of the Mx protein family, composed of GTPase-containing
anti-viral effector proteins. Mx1 is induced by the activation of type I and type III interferon signaling
pathways, and serves as an intracellular restriction factor against viral infection such as influenza [11].
Most inbred mouse strains (e.g., C57BL/6 and BALB/c) have nonfunctional mutant Mx1, and mice
from these strains are highly susceptible to influenza infection [14–18]. The anti-viral functions of
Mx1 have been investigated by in vitro and in vivo studies. For example, functional Mx1 transfection
diminished the polymerase activity of influenza virus [19,20], and functional Mx1-carrying mice are
highly resistant against pathogenic influenza infection such as pandemic 1918 and lethal human
H5N1 [21,22], PR8 [23], and avian H5N2 Ab/Korea/ma81/07 virus [24]. Mx1 has been suggested
as a key regulator of influenza virus, but whether Mx1 could be used as a therapeutic agent during
influenza virus infection remains unclear.

CPPs, also known as protein transduction domains (PTDs), are short peptides that deliver large
cargo molecules into cells without causing membrane damage, and are independent of receptors.
In 1988, HIV trans-activator of transcription (TAT) protein was found to be rapidly taken up by cells. It
was also capable of delivering large bioactive cargos into the cytoplasm [25–27]. Since then, various
CPPs have been identified from natural sources (e.g., virus, Drosophila, and human), or have been
designed artificially [28–30]. Poly-arginine is a cationic CPP commonly used in drug delivery systems.
Previous researchers demonstrated that the cellular uptake efficacy of nona-arginine (9R) was superior
to the HIV TAT [31,32]. Therefore, we used this 9R sequence to generate cell-penetrating murine
Mx1 proteins.

Recent studies combined porcine Mx1 with PTDs to investigate the anti-viral activity of this
PTD-poMx1 against vesicular stomatitis virus and classical swine fever virus (CSFV). They showed
that PTD-poMx1 treatment suppressed virus proliferation in vitro [33,34]. They also demonstrated
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that PTD-poMx1 treatment successfully attenuated CSFV symptoms in CSFV-infected pigs in a
dose-dependent manner [35]. However, whether these modified Mx1 proteins regulate influenza virus
remained unclear. In this study, we generated cell-penetrating Mx1-9R fusion proteins and determined
their antiviral activities in vitro and in vivo. Both pre- and post-infection Mx1-9R treatment inhibited
viral replications in flu-infected MDCK cells, and Mx1-9R-treated mice showed significantly reduced
mortality compared with untreated controls. However, we found no association between adaptive
immune responses—which mediate viral clearance—and the superior protection against influenza
virus in Mx1-9R-treated hosts. These results were consistent with previous research demonstrating high
resistance to influenza virus in Mx1-carrying mice. The resistance was not due to adaptive immune
responses [36]. Additionally, a recent study revealed that Mx1 inhibits influenza virus replication
by inhibiting the interaction between PB2 and NP [12]. Further, MxA—the human homologue
of Mx—oligomerizes around the viral nucleocapsid structure to inhibit the virus [37]. Therefore,
the protective effect of cell-penetrating Mx1-9R might be mediated by the direct inhibition of viral
ribonucleoprotein-complex assembly. Further investigation into the mechanisms that increase viral
resistance in Mx1-PR-treated hosts should be conducted.

In conclusion, cell-penetrating Mx1-9R was efficiently internalized in cells within 12 h, and
inhibited influenza viral propagation and RNA expression in infected cells. Indeed, pre-exposure
treatment of Mx1-9R improved the anti-viral resistance of mice. These results reveal that our
cell-penetrating Mx1 could be used as an effective therapeutic agent against mucosal influenza
virus infection.

Author Contributions: H.E.J., J.E.O., and H.K.L. designed the study, performed the experiments, conceived the
study, analyzed the data, and wrote the manuscript.

Funding: This study was supported by the National Research Foundation of Korea (NRF-2016R1A2B2015028 and
NRF-2018M3A9H3024611) funded by the Ministry of Science and ICT of Korea.

Acknowledgments: We would like to thank Akiko Iwasaki (Yale University, USA) for giving influenza PR8 virus
and HM Kim (KAIST, Daejeon, Korea) for giving pET28a vector.

Conflicts of Interest: The authors declare that the research was conducted in the absence of any commercial or
financial relationships that could be construed as a potential conflict of interest.

References

1. Nelson, M.I.; Holmes, E.C. The evolution of epidemic influenza. Nat. Rev. Genet. 2007, 8, 196–205. [CrossRef]
[PubMed]

2. Hao, X.; Kim, T.S.; Braciale, T.J. Differential response of respiratory dendritic cell subsets to influenza virus
infection. J. Virol. 2008, 82, 4908–4919. [CrossRef] [PubMed]

3. Manicassamy, B.; Manicassamy, S.; Belicha-Villanueva, A.; Pisanelli, G.; Pulendran, B.; Garcia-Sastre, A.
Analysis of in vivo dynamics of influenza virus infection in mice using a GFP reporter virus. Proc. Natl.
Acad. Sci. USA 2010, 107, 11531–11536. [CrossRef] [PubMed]

4. Perrone, L.A.; Plowden, J.K.; Garcia-Sastre, A.; Katz, J.M.; Tumpey, T.M. H5N1 and 1918 pandemic influenza
virus infection results in early and excessive infiltration of macrophages and neutrophils in the lungs of mice.
PLoS Pathog. 2008, 4, e1000115. [CrossRef] [PubMed]

5. Iwasaki, A.; Pillai, P.S. Innate immunity to influenza virus infection. Nat. Rev. Immunol. 2014, 14, 315–328.
[CrossRef] [PubMed]

6. Taubenberger, J.K.; Morens, D.M. The pathology of influenza virus infections. Annu. Rev. Pathol. 2008, 3,
499–522. [CrossRef]

7. Samji, T. Influenza A: Understanding the viral life cycle. Yale J. Biol. Med. 2009, 82, 153–159.
8. Subbarao, K.; Joseph, T. Scientific barriers to developing vaccines against avian influenza viruses. Nat. Rev.

Immunol. 2007, 7, 267–278. [CrossRef]
9. Kawai, T.; Akira, S. The role of pattern-recognition receptors in innate immunity: Update on Toll-like

receptors. Nat. Immunol. 2010, 11, 373–384. [CrossRef]
10. Oh, J.E.; Lee, M.S.; Kim, Y.J.; Lee, H.K. OASL1 deficiency promotes antiviral protection against genital herpes

simplex virus type 2 infection by enhancing type I interferon production. Sci. Rep. 2016, 6, 19089. [CrossRef]

http://dx.doi.org/10.1038/nrg2053
http://www.ncbi.nlm.nih.gov/pubmed/17262054
http://dx.doi.org/10.1128/JVI.02367-07
http://www.ncbi.nlm.nih.gov/pubmed/18353940
http://dx.doi.org/10.1073/pnas.0914994107
http://www.ncbi.nlm.nih.gov/pubmed/20534532
http://dx.doi.org/10.1371/journal.ppat.1000115
http://www.ncbi.nlm.nih.gov/pubmed/18670648
http://dx.doi.org/10.1038/nri3665
http://www.ncbi.nlm.nih.gov/pubmed/24762827
http://dx.doi.org/10.1146/annurev.pathmechdis.3.121806.154316
http://dx.doi.org/10.1038/nri2054
http://dx.doi.org/10.1038/ni.1863
http://dx.doi.org/10.1038/srep19089


Viruses 2019, 11, 109 11 of 12

11. Haller, O.; Staeheli, P.; Schwemmle, M.; Kochs, G. Mx GTPases: Dynamin-like antiviral machines of innate
immunity. Trends Microbiol. 2015, 23, 154–163. [CrossRef] [PubMed]

12. Verhelst, J.; Parthoens, E.; Schepens, B.; Fiers, W.; Saelens, X. Interferon-inducible protein Mx1 inhibits
influenza virus by interfering with functional viral ribonucleoprotein complex assembly. J. Virol. 2012, 86,
13445–13455. [CrossRef] [PubMed]

13. Futaki, S.; Suzuki, T.; Ohashi, W.; Yagami, T.; Tanaka, S.; Ueda, K.; Sugiura, Y. Arginine-rich peptides. An
abundant source of membrane-permeable peptides having potential as carriers for intracellular protein
delivery. J. Biol. Chem. 2001, 276, 5836–5840. [CrossRef]

14. Arnheiter, H.; Haller, O. Mx gene control of interferon action: Different kinetics of the antiviral state against
influenza virus and vesicular stomatitis virus. J. Virol. 1983, 47, 626–630. [PubMed]

15. Arnheiter, H.; Skuntz, S.; Noteborn, M.; Chang, S.; Meier, E. Transgenic mice with intracellular immunity to
influenza virus. Cell 1990, 62, 51–61. [CrossRef]

16. Shin, D.L.; Hatesuer, B.; Bergmann, S.; Nedelko, T.; Schughart, K. Protection from Severe Influenza
Virus Infections in Mice Carrying the Mx1 Influenza Virus Resistance Gene Strongly Depends on Genetic
Background. J. Virol. 2015, 89, 9998–10009. [CrossRef]

17. Staeheli, P.; Grob, R.; Meier, E.; Sutcliffe, J.G.; Haller, O. Influenza virus-susceptible mice carry Mx genes
with a large deletion or a nonsense mutation. Mol. Cell. Biol. 1988, 8, 4518–4523. [CrossRef]

18. Verhelst, J.; Hulpiau, P.; Saelens, X. Mx proteins: Antiviral gatekeepers that restrain the uninvited. Microbiol.
Mol. Biol. Rev. 2013, 77, 551–566. [CrossRef]

19. Zimmermann, P.; Manz, B.; Haller, O.; Schwemmle, M.; Kochs, G. The viral nucleoprotein determines Mx
sensitivity of influenza A viruses. J. Virol. 2011, 85, 8133–8140. [CrossRef]

20. Verhelst, J.; Spitaels, J.; Nurnberger, C.; de Vlieger, D.; Ysenbaert, T.; Staeheli, P.; Fiers, W.; Saelens, X.
Functional Comparison of Mx1 from Two Different Mouse Species Reveals the Involvement of Loop L4 in
the Antiviral Activity against Influenza A Viruses. J. Virol. 2015, 89, 10879–10890. [CrossRef]

21. Tumpey, T.M.; Szretter, K.J.; van Hoeven, N.; Katz, J.M.; Kochs, G.; Haller, O.; Garcia-Sastre, A.; Staeheli, P.
The Mx1 gene protects mice against the pandemic 1918 and highly lethal human H5N1 influenza viruses.
J. Virol. 2007, 81, 10818–10821. [CrossRef] [PubMed]

22. Salomon, R.; Staeheli, P.; Kochs, G.; Yen, H.L.; Franks, J.; Rehg, J.E.; Webster, R.G.; Hoffmann, E. Mx1 gene
protects mice against the highly lethal human H5N1 influenza virus. Cell Cycle 2007, 6, 2417–2421. [CrossRef]
[PubMed]

23. Grimm, D.; Staeheli, P.; Hufbauer, M.; Koerner, I.; Martinez-Sobrido, L.; Solorzano, A.; Garcia-Sastre, A.;
Haller, O.; Kochs, G. Replication fitness determines high virulence of influenza A virus in mice carrying
functional Mx1 resistance gene. Proc. Natl. Acad. Sci. USA 2007, 104, 6806–6811. [CrossRef]

24. Song, M.S.; Cho, Y.H.; Park, S.J.; Pascua, P.N.; Baek, Y.H.; Kwon, H.I.; Lee, O.J.; Kong, B.W.; Kim, H.;
Shin, E.C.; et al. Early regulation of viral infection reduces inflammation and rescues mx-positive mice from
lethal avian influenza infection. Am. J. Pathol. 2013, 182, 1308–1321. [CrossRef] [PubMed]

25. Frankel, A.D.; Pabo, C.O. Cellular uptake of the tat protein from human immunodeficiency virus. Cell 1988,
55, 1189–1193. [CrossRef]

26. Green, M.; Loewenstein, P.M. Autonomous functional domains of chemically synthesized human
immunodeficiency virus tat trans-activator protein. Cell 1988, 55, 1179–1188. [CrossRef]

27. Van den Berg, A.; Dowdy, S.F. Protein transduction domain delivery of therapeutic macromolecules. Curr.
Opin. Biotechnol. 2011, 22, 888–893. [CrossRef]

28. Choi, J.M.; Ahn, M.H.; Chae, W.J.; Jung, Y.G.; Park, J.C.; Song, H.M.; Kim, Y.E.; Shin, J.A.; Park, C.S.; Park, J.W.;
et al. Intranasal delivery of the cytoplasmic domain of CTLA-4 using a novel protein transduction domain
prevents allergic inflammation. Nat. Med. 2006, 12, 574–579. [CrossRef]

29. Lim, S.; Kim, W.J.; Kim, Y.H.; Choi, J.M. Identification of a novel cell-penetrating peptide from human
phosphatidate phosphatase LPIN3. Mol. Cells 2012, 34, 577–582. [CrossRef]

30. Madani, F.; Lindberg, S.; Langel, U.; Futaki, S.; Graslund, A. Mechanisms of cellular uptake of cell-penetrating
peptides. J. Biophys. 2011, 2011, 414729. [CrossRef]

31. Lysakova-Devine, T.; Keogh, B.; Harrington, B.; Nagpal, K.; Halle, A.; Golenbock, D.T.; Monie, T.; Bowie, A.G.
Viral inhibitory peptide of TLR4, a peptide derived from vaccinia protein A46, specifically inhibits TLR4 by
directly targeting MyD88 adaptor-like and TRIF-related adaptor molecule. J. Immunol. 2010, 185, 4261–4271.
[CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.tim.2014.12.003
http://www.ncbi.nlm.nih.gov/pubmed/25572883
http://dx.doi.org/10.1128/JVI.01682-12
http://www.ncbi.nlm.nih.gov/pubmed/23015724
http://dx.doi.org/10.1074/jbc.M007540200
http://www.ncbi.nlm.nih.gov/pubmed/6312087
http://dx.doi.org/10.1016/0092-8674(90)90239-B
http://dx.doi.org/10.1128/JVI.01305-15
http://dx.doi.org/10.1128/MCB.8.10.4518
http://dx.doi.org/10.1128/MMBR.00024-13
http://dx.doi.org/10.1128/JVI.00712-11
http://dx.doi.org/10.1128/JVI.01744-15
http://dx.doi.org/10.1128/JVI.01116-07
http://www.ncbi.nlm.nih.gov/pubmed/17652381
http://dx.doi.org/10.4161/cc.6.19.4779
http://www.ncbi.nlm.nih.gov/pubmed/17700072
http://dx.doi.org/10.1073/pnas.0701849104
http://dx.doi.org/10.1016/j.ajpath.2012.12.022
http://www.ncbi.nlm.nih.gov/pubmed/23395090
http://dx.doi.org/10.1016/0092-8674(88)90263-2
http://dx.doi.org/10.1016/0092-8674(88)90262-0
http://dx.doi.org/10.1016/j.copbio.2011.03.008
http://dx.doi.org/10.1038/nm1385
http://dx.doi.org/10.1007/s10059-012-0284-y
http://dx.doi.org/10.1155/2011/414729
http://dx.doi.org/10.4049/jimmunol.1002013
http://www.ncbi.nlm.nih.gov/pubmed/20802145


Viruses 2019, 11, 109 12 of 12

32. Wender, P.A.; Mitchell, D.J.; Pattabiraman, K.; Pelkey, E.T.; Steinman, L.; Rothbard, J.B. The design, synthesis,
and evaluation of molecules that enable or enhance cellular uptake: Peptoid molecular transporters. Proc.
Natl. Acad. Sci. USA 2000, 97, 13003–13008. [CrossRef] [PubMed]

33. He, D.N.; Zhang, X.M.; Liu, K.; Pang, R.; Zhao, J.; Zhou, B.; Chen, P.Y. In vitro inhibition of the replication of
classical swine fever virus by porcine Mx1 protein. Antivir. Res. 2014, 104, 128–135. [CrossRef] [PubMed]

34. Zhang, X.M.; He, D.N.; Zhou, B.; Pang, R.; Liu, K.; Zhao, J.; Chen, P.Y. In vitro inhibition of vesicular
stomatitis virus replication by purified porcine Mx1 protein fused to HIV-1 Tat protein transduction domain
(PTD). Antivir. Res. 2013, 99, 149–157. [CrossRef] [PubMed]

35. Zhang, X.; Jing, J.; Li, W.; Liu, K.; Shi, B.; Xu, Q.; Ma, Z.; Zhou, B.; Chen, P. Porcine Mx1 fused to HIV Tat
protein transduction domain (PTD) inhibits classical swine fever virus infection in vitro and in vivo. BMC
Vet. Res. 2015, 11, 264. [CrossRef] [PubMed]

36. Pillai, P.S.; Molony, R.D.; Martinod, K.; Dong, H.; Pang, I.K.; Tal, M.C.; Solis, A.G.; Bielecki, P.; Mohanty, S.;
Trentalange, M.; et al. Mx1 reveals innate pathways to antiviral resistance and lethal influenza disease.
Science 2016, 352, 463–466. [CrossRef] [PubMed]

37. Gao, S.; von der Malsburg, A.; Dick, A.; Faelber, K.; Schroder, G.F.; Haller, O.; Kochs, G.; Daumke, O.
Structure of myxovirus resistance protein a reveals intra- and intermolecular domain interactions required
for the antiviral function. Immunity 2011, 35, 514–525. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1073/pnas.97.24.13003
http://www.ncbi.nlm.nih.gov/pubmed/11087855
http://dx.doi.org/10.1016/j.antiviral.2014.01.020
http://www.ncbi.nlm.nih.gov/pubmed/24500530
http://dx.doi.org/10.1016/j.antiviral.2013.05.009
http://www.ncbi.nlm.nih.gov/pubmed/23727591
http://dx.doi.org/10.1186/s12917-015-0577-4
http://www.ncbi.nlm.nih.gov/pubmed/26472464
http://dx.doi.org/10.1126/science.aaf3926
http://www.ncbi.nlm.nih.gov/pubmed/27102485
http://dx.doi.org/10.1016/j.immuni.2011.07.012
http://www.ncbi.nlm.nih.gov/pubmed/21962493
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Construction of pET28a-Mx1-9R Vector 
	Expression and Purification of Mx1-9R Fusion Protein 
	Construction, Expression, and Purification of OVA-9R Fusion Protein 
	Transduction of Mx1-9R Fusion Protein and Cell Viability Assay 
	Cell Viability Assay 
	Anti-Viral Activity of Mx1-9R in Vitro 
	RT-qPCR 
	Influenza Virus Infection In Vivo 
	Flow Cytometry 
	Plaque Assay 
	Statistics 

	Results 
	Generation of Cell-Penetrating Mx1-9R Fusion Proteins 
	Transduction of Mx1-9R Fusion Proteins 
	Anti-Viral Activity of Mx1-9R Fusion Proteins in MDCK Cells 
	Anti-Viral Activity of Mx1-9R in Vivo 

	Discussion 
	References

