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Interferon-inducible transmembrane protein 3 (IFITM3) inhibits the replication ofmultiple pathogenic viruses by
blocking their entry. In this study,we constructed a shuttle plasmid, harboring human IFITM3. Thereafter, recom-
binant adenovirus rAd5-IFITM3was obtained by co-transfection of the linearized viral backbone vector pAd5 and
the shuttle plasmid. The results showed that human IFITM3 did not affect the assembly and morphogenesis of
progeny adenovirus. Human IFITM3 can be expressed in both A549 andMDCK cells in a time dependentmanner.
Furthermore, cells infectedwith rAd5-IFITM3 at amultiplicity of infection (MOI) of 100 for 24 hwere challenged
with avian influenza virus (AIV) H5N1 at an MOI of 1 for 6, 12 and 24 h. Rates of H5N1 infection in rAd5-IFITM3
cells were significantly decreased at 24 h post-infection (hpi), in a time dependent manner, compared with that
of wild type wtAd5-infected cells. The expressions of viral genes were significantly inhibited at transcriptional
and translational levels at 6 and 12 hpi. These results suggest that IFITM3 can suppress H5N1 replication in the
early stage of the infection, which may be used as a promise agent against H5N1 infection in vivo.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Recombinant adenovirus, as an effective in vivo and in vitro gene de-
livery vector, is widely used in cancer therapy, gene therapy and vaccine
expressing foreign antigen [1–5]. The recombinant adenovirus rescued
by transfecting adenovirus vectors into HEK293 cells are replication de-
fective, with certain essential viral genes are replaced by a foreign gene
[1,6], and the recombinant adenovirus can efficiently accommodate a
larger foreign gene (up to 37 kb of foreign gene) and infect almost all
types of cells and tissues [6–8]. Therefore, to date, replication-
defective recombinant Ad5 vectors have been considered as potential
vaccine delivery vehicles for human immunodeficiency virus (HIV)-1,
hepatitis C virus (HCV), influenza virus, and other viruses [9–12].

The interferon-induced transmembrane proteins (IFITMs) are a fam-
ily of small membrane proteins, which was induced by type I and II in-
terferon and expressed broadly in tissues and cell lines [13–15]. IFITMs
have diverse roles, including the control of cell proliferation, promotion
of homotypic cell adhesion, protection against viral infection,
otmail.com (N. Jin),
promotion of bone matrix maturation and mineralization, and mediat-
ing germ cell development [16]. Recently, IFITMs were identified as
broad-spectrum antiviral proteins by inhibiting the early step of virus
infection, however different IFITMs has different antiviral activity
[17–21]. Furthermore, there is almost no species specificity in antiviral
activity of IFITMs [22,23]. For example, primate-derived IFITMs are ef-
fective inhibitors of simian immunodeficiency virus (SIV), and primate
IFITM3 alleles also exhibit superior anti-HIV activity compared to
human IFITM3 [22,24,25]. Amino-terminal mutants of primate IFITM3
are more easily incorporated into HIV virions, resulting in enhanced in-
hibition of HIV-1 fusion [25]. Among the IFITMs, IFITM3 was widely
studied for itswide range of effective antiviral activities, which could re-
strict Dengue virus, SARS coronavirus, Ebola virus, HCV, influenza A
virus, Zika virus, West Nile virus, and so on [26–30].We also discovered
that overexpression of human IFITM3 significantly restricted vaccinia
virus infection, replication and proliferation, mainly by interfering
with virus entry in a low pH-dependent manner [18].

We previously found that A549 cell stably expressing human IFITM3
displayed strong restriction effect on avian influenza virus (AIV) H5N1
infection [23]. Therefore, whether IFITM3 can be used as an antiviral
agent expressed by recombinant adenovirus needs to be elucidated. In
the present study, human IFITM3 was inserted into replication-
defective recombinant Ad5 vectors, followed by the rescuing the
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recombinant adenovirus expressing the human IFITM3. And in-vitro
antiviral efficacy of the recombinant adenovirus was evaluated against
influenza virus H5N1 challenge.

2. Materials and methods

2.1. Virus and cells

Avian influenza virus (AIV) H5N1 (A/chicken/Jilin/9/2004(H5N1))
was kindly provided by Professor Ningyi Jin.

Human embryonic kidney 293 (HEK293), human lung adenocarci-
noma A549 cell (A549) and Madin-Darby canine kidney epithelial cell
(MDCK) were stored in our lab.

2.2. Plasmid construction

The plasmid pLV-IFITM3 was constructed previously, which
contained human IFITM3 gene [18,23]. The viral backbone plasmid
Fig. 1. Construction and identification of recombinant adenovirus. (a) Schematic diagram of r
pacAd-IFITM3 digested with EcoR I and BamH I; 3, pacAd-IFITM3. (c) Cytopathic effects after
pacAd5 and shuttle pacAd-IFITM3 (3:1) using X-tremeGENE HP DNA Transfection Reagent. T
The progeny virus was collected and designated as rAd5-IFITM3. The viral backbone vector pa
to produce wild type adenovirus wtAd5. (d) PCR results of rAd5-IFITM3 and wtAd5. 1, HE
supernatants (control); 4, HEK-293 cell lysis of rAd5-IFITM3; 5, HEK-293 cell lysis of wtAd5; 6
pacAd5 9.2-100 (pacAd5) and shuttle plasmid pacAd5 CMVK-NpA
(pacAd5 CMV) were kindly provided by Professor Ningyi Jin.

The plasmids pLV-IFITM3 and pacAd5 CMV were digested by EcoR I
and BamH I, respectively, and a 420 bp of human IFITM3 (hIFITM3) gene
and a 6200 bp of linearized pacAd5 CMVwere purified. Then, two frag-
ments were linked with T4 DNA ligase to generate shuttle plasmid
pacAd-IFITM3. The shuttle plasmid pacAd-IFITM3 was identified by di-
gestion with EcoR I and BamH I and sequencing analysis.

2.3. Preparation of recombinant adenovirus

Two-plasmid transfection systemwas used to generate recombinant
adenovirus particles, including the shuttle plasmid and the viral back-
bone plasmid. Briefly, the viral backbone vector pacAd5 and shuttle
plasmid pacAd-IFITM3 were linearized by Pac I and Nhe I, and purified,
respectively. HEK293 cells (4 × 105/well) were cultured on 6-well
plate and incubated at 37 °C in a 5% CO2 atmosphere for 24 h. The
cells were co-transfected with the linearized viral backbone vector
ecombinant plasmid. (b) Enzyme digestion of pacAd-IFITM3. 1, DL2000 DNA Marker; 2,
transfection. HEK293 cell was co-transfected with the linearized viral backbone vector
he transfected cells were monitored for CPE at 5, 10, 11, and 12 days after transfection.
cAd5 and shuttle plasmid pacAd5 CMV were linearized and co-transfected in HEK293 cell
K-293 supernatants of rAd5-IFITM3; 2, HEK-293 supernatants of wtAd5; 3, HEK-293
, HEK-293 cell lysis (control); M, DL2000 DNA Marker; N, negative control.



Fig. 3. Expression of human IFITM3 in HEK293 cell. (a) RT-PCR of virus infected HEK293
cell. 1, rAd5-IFITM3; 2, wtAd5; 3, mock infected HEK293 cell; N, negative control; M,
DL2000 DNA Marker. (b) Western blot of adenovirus infected HEK293, MDCK and A549
cells. Western blot was performed using Mouse polyclonal anti-IFITM3 antibody
(1:1000, Proteintech, USA) or Mouse monoclonal anti-β-actin antibody (1:1000,
Beyotime, China) as primary antibody and HRP- conjugated goat anti-mouse IgG
(1:2000, Beyotime, China) as secondary antibodies. β-Actin was used as control. 1, 4, 7,
rAd5-IFITM3; 2, 5, 8, wtAd5; 3, 6, 9, mock infected.
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pacAd5 and shuttle pacAd-IFITM3 (3:1) using X-tremeGENE HP DNA
Transfection Reagent according to the manufacture's instruction
(Roche). Transfected cells were monitored for cytopathic effects (CPE)
and collected 20 days after transfection. Then, the cells were lysed for
three cycles of freeze and thaw, and centrifuged at 3000 rpm for
10 min. The virus was collected from the supernatant and designated
as rAd5-IFITM3. At the same time, the viral backbone vector pacAd5
and shuttle plasmid pacAd5 CMV were linearized and co-transfected
in HEK293 cell to produce wild type adenovirus wtAd5.

2.4. PCR, RT-PCR and real time PCR

For gene identification, viral genomic DNA was extracted from the
virus infected HEK293 cells using TIANamp Virus DNA/RNA Kit accord-
ing to the manufacturer's protocol (Tiangen Biotech Co., LTD, Beijing,
China). PCR was performed using 2 × Taq PCRMasterMix (Tiangen Bio-
tech Co., LTD, Beijing, China) with primers targeting human IFITM3
(Fp3: 5′-GAATTCGCCACCATGGATTAC AAGGATGACGACGATAAGAAT
CACACTGTCCAAAC-3′; Rp3: 5′-GGATCCCTATCCATAGGC CTGGAAGA-
3′) described previously [23]. The PCR products were analyzed on 1%
agarose gel containing 0.5 g/mL ethidium bromide (EB). The experi-
ments were repeated at least three times.

For gene expression, total RNAwas extracted from the virus infected
cells using TRNzol-A+ Reagent and reverse transcribed using the BioRT
cDNA First Strand Synthesis Kit (Bioer, China) according to the manu-
facturer's instructions. PCR was performed using primers targeting
human IFITM3 (primers Fp3 and Rp3). Real time PCR was performed
Fig. 2.Morphology of recombinant adenovirus rAd5-IFITM3 (a) and wild type adenovirus
wtAd5 (b) (40K×).
using GoTaq qPCR Master Mix (Promega, USA) with primers targeting
human IFITM3 (qFp3: 5′-ATGTCGTCTGGTCCCTGTTC-3′; qRp3: 5′-
GTCATGAGGATGCCCAGAAT-3′), H5N1 M2 gene (F: CTCTTGTTGCCACA
AGTAT; R: TCCGTAGAAGGCCCTCTTTTC) and GAPDH (qFp: 5′-ACCCAC
TCCTCCACCTTTG AC-3′; qRp:5′-TGTTGCTGTAGCCAAATTCGTT-3′), re-
spectively, described previously [18,23].
2.5. Protein preparation and western blot

To obtain total protein, HEK293 cells were infected with wtAd5 or
rAd5-IFITM3 for 48 h. The cells were collected and centrifuged at 4 °C,
3000 rpm for 10 min. The cell pellet was incubated with chilled RIPA
lysis buffer (Beyotime, China) for 15 min, ultrasonicated for15 s, 15
times, on ice. The homogenates were centrifuged at 4 °C, 12000 rpm
for 2 min. Supernatant was collected and analyzed using western blot.

The membrane and cytoplasmic proteins were extracted using
Membrane andCytosol Protein Extraction Kit (Beyotime, China) accord-
ing to the protocol described in the manufacture's instruction.

For western blot, protein was separated with 12% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred
onto nitrocellulose membrane. Membranes were washed with Tris-
buffered saline Tween-20 (TBST) once and blocked in blocking buffer
consisting of 5% non-fat milk for 1 h. Primary antibody was incubated
with the membrane, followed by three times wash with TBST. Mem-
branes were incubated with horseradish peroxidase (HRP)-conjugated
secondary antibodies for 1 h and then washed for three times. The re-
sults were visualized with the enhanced chemoluminescence (ECL)
plus kit (Thermo, USA).
Fig. 4. Expression of human IFITM3was increased in a time dependentmanner in the cells.
Western blot was performed using Mouse polyclonal anti-IFITM3 antibody (1:1000,
Proteintech, USA) or Mouse monoclonal anti-β-actin antibody (1:1000, Beyotime,
China) as primary antibody and HRP- conjugated goat anti-mouse IgG (1:2000, Beyotime,
China) as secondary antibodies. β-Actin was used as control.



Fig. 5.Distribution of human IFITM3 inA549 andMDCKcells.Westernblotwas performed
using Mouse polyclonal anti-IFITM3 antibody (1:1000, Proteintech, USA) or Mouse
monoclonal anti-β-actin antibody (1:1000, Beyotime, China) as primary antibody and
HRP- conjugated goat anti-mouse IgG (1:2000, Beyotime, China) as secondary antibodies.
β-Actin was used as control. M, cell membrane; C, cytoplasm. Mock, negative control.
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2.6. Virus titration

For virus titration, 5 × 103 of HEK293 cells were plated into 96-well
plate and cultured at 37 °C in a 5% CO2 atmosphere for 12–24 h. The vi-
ruses were 10-fold serially diluted from 10−1 to 10−11 in DMEM me-
dium and added into the well at 37 °C, 5% CO2. 4 h post infection
(hpi), 200 μL of DMEM supplemented with 10% Fetal bovine serum
(FBS) was added into the well and the cells were cultured at 37 °C in a
5% CO2 atmosphere for 4–7 d. The CPE was monitored and virus titer
(50% tissue culture infective dose, TCID50) was calculated according to
the protocol described by Reed-Muench.
2.7. Transmission electron microscopy

For examinations of viruses by transmission electron microscopy,
the recombinant adenovirus was incubated in PBS containing 2%
glutaric acid at 40 °C for 24 h. then, the virus was absorbed on the
grid, washed with distill water for three times, and negatively stained
with 2% Phosphotungstic Acid (pH 6.5). Subsequently, the virus was
Fig. 6. Inhibitory rate of rAd5-IFITM3 on A549 andMDCK cells. A549 andMDCK cells were infec
of cell growth were calculated using MTS at 12, 24, 36 and 48 hpi.
examined with a JEM 1200 EX II transmission electron microscope
(JEOL USA, Peabody, MA, USA).

2.8. MTS assay

The inhibitory effect of adenovirus on MDCK and A549 cells was de-
tected usingMTS assay. Briefly, 100 μL of cells (5 × 103 cells/well) were
plated into 96-well plate at 37 °C, 5% CO2 for 12 to 24 h. The cells were
infectedwith 100 μL of rAd5-IFITM3 orwtAd5 at differentmultiplicity of
infection (MOI = 1, 10, 100 and 1000), respectively. 12, 24, 36 and
48 hpi, cells were incubated with 20 μL of MTS solution at 37 °C, 5%
CO2 for 1 h, and the absorbance at 490 nm was measured. The data
were calculated from the mean of six replicates.

To evaluate the cytopathic effect of H5N1 on MDCK and A549 cells,
100 μL of cells (5 × 103 cells/well) were plated into 96-well plate at 37
°C, 5% CO2 for 12 to 24 h. The cells were infected with 100 μL of rAd5-
IFITM3 or wtAd5 at MOI of 100, respectively. 24 hpi, cells were infected
with influenza virus H5N1at differentMOI (MOI=0, 1, 10 and 100). 12,
24, 36 and 48 hpi, cells were incubated with 20 μL of MTS solution at 37
°C, 5% CO2 for 1 h, and the absorbance at 490 nm was measured. The
data were calculated from the mean of six replicates. Inhibitory rate
was calculated as (OD490 of control − OD490 of treatment) / OD490 of
control × 100%.

2.9. Statistical analysis

Statistical analysis was performed using Spss17.0 statistical soft-
ware. Data are presented as themean± standard deviation (SD). Differ-
ences with a P-value b 0.05 were considered as statistically significant.

3. Results

3.1. Recombinant adenovirus expressing human IFITM3 was obtained

To construct a shuttle plasmid, the plasmids pLV-IFITM3 and pacAd5
CMV were digested by EcoR I and BamH I, respectively, and a 420 bp of
human IFITM3 (hIFITM3) gene and a 6200 bp of linearized pacAd5 CMV
were purified, followed by the ligation of the hIFITM3 gene and the line-
arized pacAd5 CMV (Fig. 1a). The resulting shuttle plasmidwas identified
tedwith rAd5-IFITM3 orwtAd5 at differentMOI (1, 10, 100 and 1000). The inhibition rates
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by digestion with EcoR I and BamH I and designated as pacAd-IFITM3
(Fig. 1b). The results of restriction analysis showed that plasmid pacAd-
IFITM3 (Fig. 1b) was constructed successfully. Furthermore, the plasmid
was also confirmed by DNA sequencing analysis (data not shown).

To obtain recombinant adenovirus, viral backbone vector pacAd5
and shuttle pacAd-IFITM3 were linearized by Pac I and Nhe I, respec-
tively, and co-transfected into HEK293 cell using X-tremeGENE HP
DNA Transfection Reagent. Due to the pacAd5 and pacAd-IFITM3
encoded genes and elements required for proper packaging and pro-
duction of adenovirus, therefore, the recombinant adenovirus can be
obtained from HEK293 cells. The resulting recombinant adenovirus
was designated as rAd5-IFITM3. The backbone vector pacAd5 and shut-
tle plasmid pacAd5 CMV were linearized by Pac I, respectively, and co-
transfected into HEK293 cell to generate wild type adenovirus wtAd5.
The results showed that obvious CPE were observed on the 10 days
after co-transfection, with the cells rounded up and clumped together
obviously, empty areas became visible and a remarkable decrease in
live cells was observed on the 11th and 12th after co-transfection
(Fig. 1c), indicating adenoviruses, wtAd5 and rAd5-IFITM3, were ob-
tained successfully.
Fig. 7. CPE of adenovirus on A549 and MDCK cells (200×). A549 and MDCK cells were infect
microscope at 12, 24, 36, 48 and 72 hpi.
To further confirm these results, viral genomic DNA was extracted
from the supernatant and cell lysis, and amplified by PCR. The results
showed that 420 bp of human IFITM3were amplified from supernatants
and cell lysis of rAd5-IFITM3 (Fig. 1d, lane 1 and 4), while no specific
band can be detected in the other groups (Fig. 1d). These results indi-
cated that human IFITM3 was integrated into the recombinant rAd5-
IFITM3.

In addition, virus titers were evaluated to analyze viral prolifera-
tion. The virus titer of rAd5-IFITM3 was up to 4.68 × 109/mL
(TCID50), which was similar to that of wtAd5, as the titer of the
later was 4.0 × 109/mL (TCID50). These results demonstrated that
the expression of exogenous genes did not affect the production of
adenovirus.

To view the virions, the viruses were negatively stained and exam-
ined using transmission electron microscopy. The results showed that
typical adenoviruseswere observed, with non-enveloped and the diam-
eters of approximately 90 nm (Fig. 2). As shown in Fig. 2, the shape of
rAd5-IFITM3 (Fig. 2a)was similarwith that ofwtAd5 (Fig. 2b). These re-
sults indicated that expression of human IFITM3 did not affect the viral
morphogenesis.
ed or mock infected with rAd5-IFITM3 or wtAd5 at MOI of 100. CPE was observed using



Fig. 8. qPCR analysis. Cells were infected ormock-infectedwith rAd5-IFITM3 orwtAd5 at anMOI of 100 for 24 h, followed by infection of H5N1with 10-fold dilution (MOI=1). Total RNA
was extracted from the cells at 0, 6, 12 and 24 hpi of H5N1 infection and reverse transcribed. Thereafter, the qPCR was performed using specific primer targeting M2 gene of H5N1.
(A) A549, (B) MDCK.
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3.2. Recombinant adenovirus can effectively express human IFITM3 in
different cells

Total RNA was extracted from rAd5-IFITM3 or wtAd5 infected
HEK293 cell, followed by reverse transcription using M-MLV reverse
transcriptase. Thereafter, PCR was performed using primers IFITM3 as
described previously. The results showed that human IFITM3 can be de-
tected in rAd5-IFITM3-infected HEK293 cell, while no specific amplicon
was detected in wtAd5-infected HEK293 cells (Fig. 3a). Furthermore,
HEK293, MDCK and A549 cells were infected with rAd5-IFITM3 or
wtAd5. 48 hpi, the cells were collected and processed by RIPA lysis
buffer (Beyotime, China), followed by western blot analysis of human
IFITM3. The results showed that obvious bands of human IFITM 3 can
be examined in rAd5-IFITM3-infected HEK293, MDCK and A549 cells,
but no band was detected in wtAd5-infected or mock cells (Fig. 3b).

Moreover, MDCK and A549 cells were infected with rAd5-IFITM3 or
wtAd5. Total proteinswere collected at 12, 24, 36 and 48 hpi, and exam-
ined using western blot. As shown in Fig. 4, obvious bands of human
IFITM 3 can be examined in rAd5-IFITM3-infected MDCK and A549
cells at 12, 24, 36 and 48 hpi, but no band was detected in wtAd5-
infected or mock cells. The expression of human IFITM3 was increased
as time going on in these cells.

Additionally, distribution of human IFITM3 in MDCK and A549 cells
were determined bywestern blot. The results demonstrated thatmajor-
ity of human IFITM3 were detected in cell membrane of the rAd5-
IFITM3-infected cells, while no bands was detected in mock infected
cells (Fig. 5). In addition, no band was detected in wtAd5-infected
A549 and MDCK cells, except that a weak band was detected in cell
membrane of the wtAd5-infected MDCK cell.
Fig. 9.Western blot. MDCK (top panel) and A549 (bottom panel) cells were infectedwith
rAd5-IFITM3 or wtAd5 at an MOI of 100 for 24 h, followed by infection of H5N1 with 10-
fold dilution (MOI= 1). Total protein was extracted from the cells at 12, 24, 36 and 48 hpi
of H5N1 infection. Mock infected cells were used as negative control. Thereafter, western
blot was performed using Anti-HA antibody (1:1000, Proteintech, USA) or Mouse
monoclonal anti-β-actin antibody (1:1000, Beyotime, China) as primary antibody and
HRP-conjugated goat anti-mouse IgG as secondary antibody (1:2000, Beyotime, China).
These results demonstrated that recombinant adenovirus can effec-
tively express human IFITM3 in different cells. The human IFITM3 was
mainly located on cell membrane, which was consistent with the result
reported previously [31,32].

3.3. Human IFITM3 has no effect on recombinant adenovirus

To evaluate CPE of recombinant adenovirus on cells, A549 andMDCK
cells were infected with rAd5-IFITM3 or wtAd5 at different MOI (1, 10,
100 and 1000). The inhibition rate of cell growth was calculated using
MTS at 12, 24, 36 and 48hpi. The results showed that both adenoviruses,
including rAd5-IFITM3 and wtAd5, can induce CPE in MDCK and A549
cells in a dose and time dependent manner, while there was no signifi-
cant difference of CPE between rAd5-IFITM3 and wtAd5 infected cells
(Fig. 6), indicating human IFITM3 has no effect on recombinant
adenovirus.

Furthermore, A549 andMDCK cells were infected with rAd5-IFITM3
or wtAd5 at MOI of 100. CPE was observed using microscope at 12, 24,
36, 48 and 72 hpi. The results showed that obvious CPE appeared at
48 and 72 hpi in rAd5-IFITM3-infected MDCK and A549 cells (Fig. 7).
Based on these observations, cells infected with the recombinant
adenovirus at an MOI of 100 for 24 h were selected for subsequent
experiments.

3.4. Recombinant adenovirus expressing human IFITM3 can inhibit H5N1
infection in vitro

A549 and MDCK cells were infected with rAd5-IFITM3 or wtAd5 at
an MOI of 100. 6, 12 and 24 hpi, expression levels of M2 gene of AIV
H5N1 were evaluated by qPCR. The results showed that expression
levels of M2 gene were significantly inhibited in rAd5-IFITM3-treated
cell compared with that of wtAd5-treated cells and mock cells at 6, 12
and 24 hpi for A549 and at 6 and 12 hpi for MDCK cells (Fig. 8).

Moreover, level of HA protein of AIV H5N1 was examined using
western blot. The results showed that HA protein of H5N1 was signifi-
cantly decreased in rAd5-IFITM3-treated cell compared with that of
wtAd5-treated cells at 12 hpi for A549 and MDCK cells (Fig. 9). How-
ever, no significant difference was observed between rAd5-IFITM3-
treated cells and wtAd5-treated cells at 24, 36 and 48 hpi. These results
suggested that IFITM3 inhibited influenza virus H5N1 in the early stage
of the infection, which was consistent with the results reported previ-
ously [33,34].

4. Discussion

Currently, N20 types of interferon-stimulated genes (ISGs) have
been discovered, which play antiviral role in different stages of virus
life cycle by different mechanisms. Among ISGs, IFITM3 is one of the
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most promising antiviral agents with better application prospect
[18,35]. Firstly, IFITM3 has a broad-spectrum antiviral activity, which
have been reported to inhibit entering of N20 kinds of viruses, including
different subtypes of influenza virus, severe acute respiratory syndrome
(SARS) coronavirus, human immunodeficiency virus (HIV), Ebola virus,
dengue, and West Nile viruses and so on [26–30,35–37]. Secondly, to
date, IFITM3 is the only ISG discovered displaying a bona fide role in
blocking virus entry, to defense virus outside the cell. Thirdly, the anti-
viral activity of IFITM3, in particular, is high, with the inhibition rate is
up to 70% for influenza virus [30,37]. Fourthly, to date, as an endogenous
molecule, IFITM3 has no immunogenicity and toxic side effect to the
host cells. Finally, its molecular weight is smaller, with 133 amino
acids [35], as compared to other ISGs, and is easy to be studied and ap-
plied in gene therapy and vaccine development. However, whether
IFITM3 can be used as antiviral drug is still unknown.

IFITM3 is a virus restriction factor which primarily localizes to
endosomes and lysosomes [38]. Thus, a suitable vector or strategy is
needed to transfer the protein into the target cell. Till now, adenovirus
is one of the most effective means of delivering gene in vitro and
in vivo, which have been widely used in therapies for cancer, high-
level, short-term expression of the target gene for gene therapy, vaccine
for infection disease [1,2,5,9–12,39–42]. In additionally, adenovirus vec-
tor is one of the most common vectors used in clinical trials, as human
therapy studies based on adenovirus vector is up to 23.5% of all gene
therapy trials worldwide [5]. Therefore, recombinant adenovirus was
obtained by co-transfection of the linearized viral backbone vector
pAd5 and the shuttle pacAd-IFITM3 containing human IFITM3 in the
present study. The results showed that expression of IFITM3 did not af-
fect the assembly andmorphogenesis of progeny adenovirus, indicating
that human IFITM3 has no effect on recombinant adenovirus (Figs. 2, 6
and 7). Furthermore, human IFITM3 expressed by the recombinant ad-
enovirus was increased in a time dependentmanner in the cells (Fig. 4).
In addition, the recombinant adenovirus can effectively express human
IFITM3 in both A549 and MDCK cells (Figs. 3 and 4). These results fur-
ther confirmed that the recombinant adenovirus constructed in this
study has a broad host range, which can be used in the future research
and clinical practice.

However, in some circumstance, recombinant adenovirus or adeno-
virus vector can cause typical CPE on cells [5], as shown in Figs. 1c and 7,
resulting in grape-like clusters of rounded, refractive cells, which appear
in 3 to 10 days post-infection [43]. And, significant escalation in the dose
of the recombinant adenoviruswill increase the risk of inducing both di-
rect toxicity and immune responses against the adenovirus [2]. There-
fore, the MOI of rAd5-IFITM3 was determined by calculating the
inhibition rate of the adenovirus on cell growth using MTS, and CPE
was observed using microscopy. Based on the results in Figs. 4, 6 and
7, cells infected with the recombinant adenovirus at an MOI of 100 for
24 h were selected for subsequent experiments of H5N1 infection.

IFITM3 blocks virus fusionwith cell membranes via acidic endosome
[38,44]. According to the previous reports, the IFITM3 gene is conserved
in chimpanzee, Rhesusmonkey, mouse, and rat, and 14 organisms have
orthologs with human IFITM3 gene (https://www.ncbi.nlm.nih.gov/
gene/10410), indicating a cross protection between species was exist.
In order to evaluate antiviral efficacy, both A549 and MDCK cells in-
fected with rAd5-IFITM3 or wtAd5 at anMOI of 100 for 24 h were chal-
lenged with H5N1 at an MOI of 1. The results showed that the
expressions of viral genes in rAd5-IFITM3-treated cells were signifi-
cantly inhibited at transcriptional and translational levels than that of
wtAd5-treated counterparts (Figs. 8 and 9), demonstrating that
human IFITM3 can suppress AIV H5N1 infection in these cells. These re-
sults suggested that IFITM3 inhibited AIV H5N1 in the early stage of the
infection, which was consistent with the results reported previously
[32–34]. The in vivo utility of the present generation of rAd5-IFITM3
against H5N1 infection is in progress.

Moreover, we found that the human IFITM3 was mainly located on
cell membrane (Fig. 5), which was consistent with the previously
reports [31,32]. Surprisingly, a weak band was also detected in cellular
membrane of the wtAd5-infected MDCK cell (Fig. 5). It was reported
that adenovirus or adenovirus vector induced rapid and strong innate
immune response which may shorten the duration of the gene therapy
and vaccination [5,45,46]. Therefore, the possible reason was that IFN
response was induce by adenovirus, resulting in expression of endoge-
nous IFITM3 in cellular membrane of the wtAd5-infected MDCK cells.
However, further study is needed to elucidate themechanism involved.

5. Conclusions

In conclusion, we rescued a recombinant adenovirus rAd5-IFITM3
expressing human IFITM3.We also evaluated, for thefirst time,whether
IFITM3 can be used in antiviral therapy. The results showed that the
rAd5-IFITM3 can inhibit influenza virus H5N1 in the early stage of the
infection, indicating that the rAd5-IFITM3 may be used as a promise
agent against AIV H5N1 infection. The data in the present study may
serve as a basis for in vivo studies and clinical utility of the recombinant
adenovirus rAd5-IFITM3.
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